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ABSTRACT 

Analytical models and  subsequent computer codes have been 

developed for predicting peak overpressure,  positive unit im- 

pulse,   the distribution and impact velocity of bomb fragments, 

crater dimensions and ejects thickness  from the detonations of 

typical bomb stacks  used by the Air Force.     These models  consider 

aboveground barricaded stacks with an equivalent net weight high- 

explosive range of 10 to 500 tons of TNT.     The peak overpressure 

and impulse from a detonation are obtained by modifying the 

known results of a bare  hemispherical charge  to take into account 

the  stack and barricade geometries and the Interaction effect 

of bombs.    Fragment dispersion patterns are predicted by com- 

bining experimental  results  for single bombs and using the 

trajectory equations for the motion of a steel  fragment in air. 

By using basic principles and experimental data,   crater and 

ejecta dimensions  are predicted.    Based on output from the  com- 

puter codes,  illustrative examples are given  together with 

recommendations  for  future  tests to obtain needed data.    Program» 

for optimizing munition  storage areas are  also suggested. 

(Distribution Limitation Statement No.   2) 
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SECTION I 

INTRODUCTION 

One of the major problems at many Air Force installations 

is the storage of large quantities of munitions.  Safety consid- 

erations for protection of personnel and material in the event 

of accidental detonation, although overriding, are in direct con- 

flict with economics, i.e., large clear zones require considerable 

real estate with resulting long roads and utility lines.  If 

munitions storage clearance requirements could be reduced with- 

out endangering safety requirements, significant economic gains 

could be realized. 

Full-scale tests of munitions storage concepts have been 

conducted and have yielded valuable information leading toward 

more rational munitions storage criteria.  Such tests are, how- 

ever, expensive and exceedingly time consuming.  Availability of 

analytical procedures which could be used with some confidence 

to predict the effects of detonation of a stack of munitions would 

bs invaluable in analyzing new storage concepts, or in rational, 

effective planning of such future full scale tests as may be re- 

quired.  This study is a step toward development of such proce- 

dures. 

The most significant parameters in determining munitions 

detonation hazards include peak overpressure, unit impulse, mass 

and velocity of projectiles formed from bomb fragments and their 

distribution, crater dimensions, and the probable ejecta distrib- 

ution.  This report outlines an analytical model that adequately 



predicts these parameters for the range of 25/000 to 500,000 

pounds net weight of high explosives.  Associated with the re- 

port are computer programs that perform the numerical analysis 

required for the models.  Even though the most recent sources 

have been consulted, it was considered advisable to construct the 

model and the computer programs in a manner that would easily 

allow alterations as new experimental and theoretical work became 

available. 

Section II considers the peak overpressure and unit impulse 

emanating from bomb stacks, both barricaded and unbarricaded. 

Section III handles fragmentation while Section IV discusses 

cratering.  The corresponding computer programs are listed and 

described in Appendices I, II and III respectively. Examples of 

results obtained from the computer programs are presented in 

Section V. As a result of the extensive literature survey that 

was conducted and from the formation of the analytical model*, 

it became apparent that further investigations, both experi- 

mental and analytical, in certain critical areas would be 

highly beneficial.  Such a program is outlined in Section VI. 

Throughout the report, an attempt has been made to use a 

judicious combination of basic principles and results from small 

and full-scale tests.  Such an approach is considered necessary 

if the results are to be used for typical situations that current- 

ly confront the Air Force.  Furthermore, the use of fundamental 

concepts implies that new situations can be handled with some 

degree of confidence.  However, it should always be kept in mind 

that soil conditions, for exent le, can change kith time and 

2 
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accordingly/ even well designed experiments produce data vith 

a considerable amount of scatter. Accordingly^ a certain amount 

of engineering judgment is required in connection with the results 

of this study. 
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SECTION II 

BLAST EFFECTS 

1.  INTRODUCTION 

The objective of this section is to develop an analytical 

model which will predict, the environment produced by the air 

blast from a high explosive detonation.  The primary parameters 

to be investigated are the peak overpressure and positive im- 

pulse experienced at all points on the surface surrounding a 

high-order surface detonation.  The effects to be investigated 

include:  a) the effect of substituting conventional Air Force 

bombs for TNT in the explosive stack; b) the effect on the peak 

overpressure-scaled distance P-Z and scaled positive impulse- 

scaled distance I-Z relationships produced by the explosive 

stack geometry, and c) the effect on the P-Z and I-Z relation- 

ships produced by a barricade surrounding the explosive stack on 

three sides (standard open-end ba"-ricade) .  The scaled distance 

Z is defined to be the distant R from the point of detonation 

divided by the equivalent charge weight in pounds of TNT to the 

one-third power W 

Z = R/W1/3 (1) 

The scaled positive impulse I is defined to be the positive unit 

impulse i divided by the equivalent charge weight in pounds of 

1/3 '''NT ^o the one-third power W ' 

I = i /W1/3 

■  ---  ■  >-^-^—^. . .~*,.-~**.—, -,.-...     . . -^. 



Th« general approach followed i« to develop a model to pre- 

dict the P~Z and I-Z relationahi^s for a surface detonation of 

a hemispli »rical stack of high explosive TNT, and then to modify 

these relationships to account for the Individual effects listed 

above.  The effect produced by changing the point of detonation 

in the stack is assumed to be negligible.  (See Reference 1). 

2.  BARE CHARGE PARAMETERS 

The initial task in the development is to model the environ- 

ment produced by a surface detonation of a bare, i.e., unbarri- 

caded, hemispherical stack of 'JNT, with respect to peak over- 

pressure and scaled positive impulse.  Curves describing the 

peak overpressure-scaled distance relationship for high explo- 

sive surface detonations are available throughout the litera- 

ture.  These relationships have been developed through many 

years of full scale testing and are widely accepted.  Discrep- 

ancies do appear in the literature when comparing the relation- 

ships published by one testing agency with those published by 

another; however, these discrepancies are of a relatively small 

order.  The relationships selected for the model development 

(See Figure 1) are published in Reference 2. 

To carry out the objectives of this section, it is necessary 

to have these results available in a numerical form.  The pro- 

cedure used in modeling the P-Z and I-Z relationships is as 

follows:  a) Points on the P-Z and I-Z curves are selected; b) 

the coordinates (P, Z) and (I, z) of these points are transformed 
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by computing the natural logarithm of each coordinate so that 

the coordinates (In P, In Z) and (In I, In Z) are obtained; 

c) the coordinates (In Pf In Z) and (In 1,  In Z) are used in a 

least squares polynomial curve fit program to obtain relation- 

ships of the form 

In P « ao + a, (In Z)+ a  (In Z)2 + .... and    (3) 

In I = b + b. (In Z) + b-(ln Z)2 +         (4) 
O    1 2 

d) the polynomial coefficients obtained from the curve fit pro- 

gram are then used to evaluate the value of peak overpressure P 

and scaled positive impulse I at the desired values of scaled 

distance Z. 

This procedure yields results which are in very close 

agreement with th« original relationships (curves).  The maxi- 

mum error in the predicted peak overpressure-scaled distance 

relationship is less than 7% for .5<Z<10 ft/lb1/3(P>10 psi), 

less than 3% for 10<Z<45 ft/lb1/3(1.0>P>10psi) and less than 

5.0% for 45<Z<500 ft/lb1'3(P<1.0 psi).  The maximum error in 

the predicted scaled positive impulse-scaled distance relation- 

ship is less than 6% for .5<Z<10 ft/lb1/3(I>10.0 psi-ms/lb1/3), 

less than 5% for 10<Z<75 ft/lb1/3(10.0>I>1.0 psi-ms/lb1/3) and 

less than 15% for 75<2<500 ft/lb1/3(K1.0 p8i-ma/lb1/3). 

The resulting coefficients for determining the overpressure 

and scaled positive impulse according to Equations (3) and (4) 

are given in Table I. 
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TABLE I 

POLYNOMIAL COEFFICIENTS FOR DETERMINING PEAK OVERPRESSURE 
AND SCALED POSITIVE IMPULSE FOR A BARE HEMISPHERICAL CHARGE 

ao = 10.7036810 x 10
1 

ai1  = -0.1663724 x 101 

a2 = -0.2516481 x 10° 

a3 = -0.1137714 x 10° 

a4 = +0.3818405 x lO
-1 

a5 = +0.5035198 x lO*
1 

a6 = -0.2756970 x 10"
1 

a7 = +0.5557968 x 10'
2 

a8 « -0.5108014 x 10'
3 

a9 = +3.1795565 x 10"
4 

b0 = +0.3129288 x 10
1 

b1 = -0.1295979 x 10° 

b2 = +0.4112452 x 10° 

b3 = -0.7687394 x 10° 

b4 = +0.4969224 x 10° 

b5 = -0.1684197 x 10° 

bg = +0.2805656 x lO-1 

b7 = -0.1791292 x 10"
2 
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3.     BOMB  EFFECT 

The effect produced by substituting conventional Air Force 

bombs for TNT in the explosive stack has been studied by several 

authors  for many years.     This effect is accounted for in the 

model development through the use of a bomb factor.    This  factor 

is multiplied by the  total explosive weight in the bomb stack 

to yield em equivalent weight of TNT.     The bomb factor includes 

the confined explosion effect/  the surface reflectivity effect, 

and the individual bomb geometry effect.     Typical bomb factors 

can be found in Reference  3.     No attempt has been made to account 

for the explosion confinement effect caused by stacking bombs. 

There will be some confinement effect caused by surrounding a 

bomb by other bombs.     However,  since there  apparently is no 

empirical or theoretical data available/   this effect cannot be 

accounted for in the present model. 

9 
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4.     STACK  GEOMETRY EFFECT 

It is a well accepted fact that the geometry of the explo- 

sive stack has a great effect on the peak overpressure and 

positive  impulse at positions   "close"  to the stack.    This 

effect diminishes with distance from the stack.     Even though 

this fact is well known and accepted,   there is very little 

data available in the current  literature which quantitatively 

describes   such a variation. 

Apparently Reference  4 describes  one of the few attempts 

to measure the effect of the  geometry of charges on peak 

overpressure and positive Impulse.     The report is composed 

basically of peak  overpressure and positive impulse measure- 

ments using eight  charge shapes composed of 50 pounds of RDX 

composition C-3 explosive which is equivalent to 54.5 pounds 

of TNT. 

It will be assumed that a "standard" high explosive bomb 

stack can be approximated by  a solid stack of explosives with 

a rectangular solid shape.     Therefore,   the only shapes consid- 

ered by  the above mentioned report which are pertinent to the 

model development are the cubical shaped charge  and  the plate 

shaped charge.     The  length of a  side of the cubical  shaped charge 

used in  the  test  was  9.6  in.   x  9.6   in.   while  the  plate  dimensions 

were  54.1   in.   x  9.0  in.  x  1.8  in.     Pressure and  impulse measure- 

ments were  made  at   35  ft.,   45   ft.,   60   ft.,   70  ft.,   and  80  ft., 

from the  center of  the charges,   along  lines perpendicular 

10 
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to each face and through the charge center for the cube and the 

plate,  and along  lines through the edge and the charge center 

in a horizontal plane for the cube.     These distances from the 

charge center correspond to scaled distances  of 9.22,  11.85, 
1/3 15.80,   18.43,  and  21.06  ft/lb '   ,  respectively.     The average 

peak overpressures and positive impulses measured at the above 

locations for the  sphere,   cube and plate  are  shown in Tables 

II and III,  respectively   (See Tables  la,   lb,   2a,   2b,   7a,   and 

7b of Reference  4). 

The author of Reference  4 commented that the accuracy of 

the data did not warrant an attempt at curve  fitting.    Since 

the development of  the geometry effect portion of the model is 

based solely on the data from this one  report,   steps were  taken 

to smooth out some of the inaccuracies of the  test data.    To 

reduce the effect on readings by individual differences in 

recording instruments,  system circuitry,  and drift from zero 

calibration point before  testing,  the ratio of measurements 

for shaped charges divided by measurements  from spherical 

charge rather than actual measurements was used.     In other words, 

the model development deals with the effect of going from a 

spherical charge to a rectangular charge   (i.e.,   juhe and plate) 

rather  than dealing with the rectangular  charges  at face value. 

A parametric study performed on the data revealed that a 

reasonable approach to the model development would be  to analyze 

the data with respect to an  "area ratio"   scheme.     The reasons 

11 
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for adopting this scheme for a rectangular charge are as follows: 

a. The total energy released to the surrounding atmos- 

phere by a charge resting on a surface should be 

proportional to the total surface area exposed to the 

atmosphere (this excludes the face of the charge which 

is in contact with the surface) , 

b. The energy experienced by a point, which lies on a 

line perpendicular to one of the exposed faces of the 

charge and through the charge center, should be pro- 

portional to the total energy released by the detona- 

tion of the charge times the ratio of the charge face 

area nearest to the point to the total charge surface 

area exposed to the atmosphere. This ratio is here- 

after referred to as the "face area ratio" (FAR), and 

is computed as follows (See Figure 2) : 

SH X SD (5a) FARV1  ' 2(SH x SD) + 2(SH x SL) + (SL x SD) 

FARP2 " 2 (SH x SD) +2 (SH x SL) + {SL x SD) (5b) 

14 
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The values of FAR^which correspond to the charge orienta- 

tions and measuremuat directions for the cube and plate data 

of Tables   II  and III, are FAR2  -  0.20,  FAR4  •  0.0147,  FAR-  ■ 

0.440,   FAR6  » 0.0227,   anc* FAR7 - 0.1365,  where  the subscripts 

correspond to the numbered columns of both Tables.    The 

magnitude of FAR will   always  be greater  than 0.00  and less 

than 0.50.     The data  in columns  4 and 6  of Tables  II and III 

are ignored in the analysis because it is felt that the values 

of FAR,   for these conditions,   are much lower than will ever be 

experienced in an actual bomb  stack.    Figure  3  shows the pro- 

duct of  overpressure ratios   (face overpressure  from rectangular 

stacks divided by overpressure  from spherical stack)   and FAR 

plotted against distance from stack center.     Figure 4 shows 

similar curves for impulse ratios.    Note that for  large dis- 

tances  from charge center these curves approach the value of 

FAR in each case.    These curves not only vary with the value 

of FAR,  but also with the distance from the charge center. 

At each value of R,   or  the corresponding value of  scaled 

distance  Z,   however,   a relationship between pressure ratio or 

impulse ratio and FAR can be  established  for  the  three curves 

shown in each figure.     These  relationships  can be expressed in 

the  form 

1  = B + C   (FAR)   + D   (FAR)2 (6a) 
sphere 

I  » F + G   (FAR)   + H   (FAR)2 (6b) 
sphere 

16 
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Figure 4.  Impulse Ratio x FAR vs. Distance fron Charge Center 
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wh«r« B, C,  D, F, G,  and H are coaffielent« which can be solved 

exactly for any fixed value of Z since in each case there are 

three unknowns and three equations. 

In these relations data from charge shapes with different 

equivalent amounts of TNT can be used since the scaled distance 

Z can be used. 

The solutions to these equations for the values of R or Z 

given in Tables II and III are shown in Table IV which indicates 

that B, C, D, F, G,  and H vary with the value of Z.     It was 

assumed that fifth order polynomials would adequately describe 

this variation in Z. A least squares polynomial curve fit 

program was used to fit the available data from Reference 4. 

Also, the geometry effect must vanish for large Z.  Hence there 

were six data points available for the curve fitting routine 

(Table IV). 

Denote the general form of these polynomials by 

Br C, D, F, Gf H - C0 + C^Z + C2Z
2+ C3Z

3+ C4Z
4+ CgZ5   (7) 

The computed values of the coefficients are given in 

Table V. 

Figure 5 gives the overpressure and impulse ratios based 

on Equations (6) and (7) for points along a line perpendicular 

to the center of one of the vertical face» of a cubical shaped 

explosive stack, that is, FAR - 0.2.  Note that the predicted 

curves fit the data of Reference 4 quite accurately 

as well as approaching the value 1 for large Z.  This is to be 

19 
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expected since these points were used in determining the 

coefficients.  A similar conclusion holds when FAR «0.44 and 

FAR » 0.13C5.  The polynomial expressions are necessary for 

determining the overpressure and impulse ratios for values of 

Z and FAR not given explicitly by Reference 4. 

Reasonable results for extrapolations to values of Z in 

the region Z>9 can be expected because of the experimental data 

that is available. However, for values of Z lees than 9 the 

predicted values may not be very accurate. 

To obtain approximate values for the actual peak over- 

pressure and positive impulse for positions along a line per- 

pendicular to the center of a vertical stack fac«», the over- 

pressure and positive impulse ratios are multiplied by tho 

peak overpressure and positive Impulse respectively.  These are 

obtained from the polynomial fit for curves associated with 

the surface detonation of a hemispherical stack at the same 

values of scaled distance Z. Although the overpressure and 

impulse ratios involve spherical charges, the results from a 

hemispherical detonation are used to convert these ratios to 

true peak overpressures and positive impulses. The basic 

reason for using data associated with a hemispherical charge 

is that the positive impulse is larger than that associated 

with a spherical charge for the saune value of Z. Presumably 

this would yield conservative values of positive impulse, which 

is especially needed in the region Z<9 where no experimental 

data is available. 

23 



It is assumed that there is very little difference in 

peak overpressure and' positive impulse between the center line 

mentioned above and the corresponding line on the surface ver- 

tically below the center line.  Such an assumption will be 

implicitly assumed from now on for all other horizontal lines 

emanating from the center of a rectangular stack. 

Now that the overpressure and impulse at positions out 

from the center of a vertical face of a rectan^ lar stack have 

been modeled, the next step is to predict these parameters out 

from the vertical edges. The only data available on which thi3 

development can be based are the data shown in column 3 in 

Table II and Table III. 

The technique employed in the development of the edge 

peak overpressure and seal .1 impulse versus scaled distance 

was to establish edge to face peak overpressure and edge to 

face positive impulse relationships as functions of scaled 

distance.  This was achieved by dividing the values in column 3 

of Tables II and III by the values in column 2 of the corres- 

ponding tables,  thereby establishing coordinates for five 

points for the ratio relationships. These coordinates were put 

into a least squares polynomial curve fit program to obtain the 

polynomial coefficients for the polynomials in Z to describe the 

ratio relationships. Table VI shows the polynomial coefficients 

for the relationships that yield the ratio of edge peak over- 

pressure to face peak overpressure and edge impulse to face 

impulse.  Figure 6 shows these relationships as functions of 

scaled distance. 

24 
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TABLE VI 

POLYNOMIAL COEFFICIENTS FOR THE RATIOS 
EDGE PRESSURE/FACE PRESSURE AND 

EDGE IMPULSE/FACE IMPULSE 
6 

EDGE PRESSURE    '  d. Zi 

PACTTIEgSÜRE " i-0   i 

d0 - -0.5442047 x lO'
1 

^  - -0.3279577 x 10'2 

d2 - 0.3172064 x lO-1 

d3 - -0.2700095 x lO
-2 

d4 - 0.8668014 x lO*4 

d5 - -0.1294399 x 10'
5 

d6 -  0.7019624 x 10"
8 

4 

PACE IMPULSE 
EDGE IMPULSE    T       i 

IMPULSE '   t   n     ei Z 

i-0   * 

e^ - -0.3879756 x 10° o 

e1 - 0.2953776 x 10° 

e2 - -0.1519496 x lO*
1 

e3 -  0.2943603 x lO
-3 

e4 - -0.1946069 x 10'
5 
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niese relationships were established fron data for a 

cubical shaped charge where the pressures and impulses off of 

the faces as functions of Z are equal. The technique employed 

in the model for predicting edge overpressures and impulses for 

stacks which are not cubical (i.e., face pressure and impulse as 

functions of Z are not equal for adjoining faces) is to multiply 

the ratios, at a given value of Zf by the average face value of 

peak overpressure and impulse at the same value of Z. 

Now that the peak overpressure and positive impulse rela- 

tionships as functions of Z have been established along lines 

perpendicu&lar to the stack faces through the stack center, and 

along lines extending from the stack center through the stack 

edges (all lines in a horizontal plane) the parameter values 

along intermediate lines through the stack center can be esta- 

blished by linear interpolation.  This technique is illustrated 

in Figure 7. 

5.   BARRICADE EFFECT 

It is a well known and accepted fact that a barricade in 

close proximity to an explosive detonation will significantly 

affect the peak overpressure and positive impulses at positions 

"close" to the barricade.  Although there has been considerable 

study dealing with qualitative (i.e., amount of destruction) 

effects produced by barricaded explosive charges, there has not 

been much study concerning quantitative (i.e., actual pressure 

and impulse measurement) effects produced by barricaded explo- 

sive charges in the current literature. 
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Figure 7.  Geometry Effect and Interpolation Technique 
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The only reference revealed by the literature search which 

deale directly with the effects produced by a standard (i.e., 

three adjoining walls perpendicular to each other) barricade is 

Reference 2.  This report gives Incident pressures as a function 

of scaled distance (See Figure 8) for various directions of 

propagation from a three sided barricade.  The barricade length 

to depth ratio is approximately one (1) and the weight of charge 
3 

to vol'-. ..e of structure ratio  (W/V) (pounds of TNT/ft. ) is in 

the range 0.2 to 2.0.  For very large or small W/V values, the 

incident pressure versus scaled distance in all directions of 

propagation from a barricade will be very nearly equal to the 

results for an unbarrlcaded charge.  Results of barricade effects 

on positive impulse versus scaled distance for various direc- 

tions of propagation from the barricade considered are not 

reported here or elsewhere in the literature. 

The technique employed in the development of this portion 

of the model was to establish peak overpressure ratio relation- 

ships for the four directions from the barricade center shown in 

Figure 8 as functions of scaled distance.  This was accomplished 

by dividing the pressure values from the curve for an unconfined 

surface burst shown in Figure 8 by the pressure values from 

the curves for the four directions from the barricade center at 

selected values of scaled distance.  These point coordinates 

were then put into a ]east squares polynomial curve fit program 

to obtain coefficients for fourth order polynomials in terms 

of scaled distance Z which describe the overpressure ratios for 

29 



10 100 

SCALED DISTANCE, Z,  (FT/l^S ^) 
1000 

Figure 8.  Exterior Leakage Pressure vs Scaled Distance 
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•ach of the four directions from the barricade center shown in 

Figure 8. The polynomial coefficients are shown in Table VII. 

Pressure ratio relationships for directions between those 

shown are established through linear interpolation as was done 

in the geometry effects model development. 

Since the barricade effect on positive impulse cannot be 

established because of the lack of reliable data, the model 

assumes that positive impulse is affected in the same way as 

is the pressure. Therefore, the above developed overpressure 

ratio relationships are reused as positive impulse ratio 

relationships. 

The technique to establish the peak overpressure and posi- 

tive impulse produced by a barricaded explosive detonation is 

to evaluate the above ratio relationships at the desired direc- 

tion and scaled distance from the barricade and multiply the 

computed ratio value by the overpressure and impulse of the 

bare charge at the same value of scaled distance.  If geometry 

effects are included in the problem, the computed ratio value 

is multiplied by the peak overpressure and positive impulse 

which has been previously modified to accounv for the stack 

geometry effect. 

It should be emphasized that this approach assumes that 

the explosive stack and barricade are rectangular with stack 

and barricade sides parallel to each other, that tb^ same vertical 

line passes through the center of the stack and the barricade, that 

the ratio of barricade length to barricade depth is approximately 

equal to cue, and that the ratio of the weight of charge to the 
3 

volume of barricade (lbs/ft ) is in the range of 0.2 to 2.0. 
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6.     SUMMARY 

This section has outlined the theoryf experimental data 

and assumptions that have been utilized In developing a 

workable model for predicting peak overpressures and positive 

Impulses associated with a barricaded HE detonation.    The 

basic approach was  to use well known results  from detonations 

of bare hemispherical TNT charges and to modify these results 

to account for the effects of bombs,  rectangular stack con- 

figurations and barricades.     For those areas where a certain 

amount of uncertainty prevailed,  a conservative approach was 

adopted so that the predicted values would be  larger than 

what might be actually experienced in practice. 

The conputer program which follows the theory outlined in 

this section is described in Appendix I. 
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SECTION  III 

FRAOffiNTATION 

1.     INTRODUCTION 

The purpose of the fragmentation portion of the program 

is to formulate an analytical model to describe the fragment 

dispersion pattern resulting from the explosion of barricaded 

munitions.     The model must consider the dispersions and patterns 

in terms of fragment velocities/ weights,   trajectories and 
ranges. 

2.     STATEMENT  OF PROBLEM 

The fragment dispersion pattern of  a barricaded explosion 

is affected primarily by the parameters:    a)  initial fragment 

velocity,  b)   fragment mass,   c)   spatial position on the bomb, 

d)   initial departure angle,   e)   fragment trajectories,   f)   bomb 

stack geometry,  g)   and barricade geometry.    The analytical 

model developed with these parameters must yield  fragment dis- 

persion patterns that are at least comparable to dispersion 

data from barricaded explosive  tests.     The model must be able 

to yield the range and the striking velocity of the  fragments 

in order  to determine the danger of sympathetic detonation of 
adjacent bomb stacks. 
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3.     SCOPE OF  INVESTIGATION 

The basic approach for predicting the above parameters  for 

the explosion of a barricaded bomb stack is to proceed from 

known fragment behavior for a single bomb.     Representative 

single bomb fragment data that are available   (References  5-7) 

for a large variety of bombs is shown in Figure 9.    These data 

consist of:    a)   the number of fragments per steradian   (solid 

angle)/ b)  the average fragment mass   (grams),  as a function of 

the polar angle measured from the nose of the bomb. 

Once the Initial fragment velocity and fragment weight are 

known,  the trajectory range and striking velocity may be pre- 

dicted for various angles of departure.    These data are first 

generated for the explosion of a barricaded single bomb and 

is  then correlated with fragment survey data from experimental 

bomb stack tests such as the "BIG PAPA" tests (Reference 1).   The corre- 

lation with experimental fragment survey datÄ yields interaction 

coefficients which indicate the number of single bombs required to yield 

the fragment data from the stack tests. 
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Figure  9.     Representative Fragmentation Data 

For The Explosion of a Single  Bomb. 
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4.     ANALYTICAL FRAGMENT MODEL FOR A SINGLE BOMB 

a.    Fragment Parameters 

To develop a model for  a bomb  stack,   it is necessary 

to first consider  the dispersion pattern for a  single bomb. 

The parameters  that are required include the mass  and 

initial velocity of the fragments and  the number of frag- 

ments per  steradian that are  emitted  from the bomb. 

Gurney's Theory and Mott  and Shapiro's Theory   (Reference 

7)   are available for predicting the  initial fragment velo- 

city and mass distribution respectively.     Both of  these 

theories have been  favorably correlated with experimental 

data.     A  significant disadvantage of these theories  is  that 

there is  no method  for predicting how the mass of  the frag- 

ments vary along the length of  the bomb.     Hence,   a distrib- 

ution would have  to be assumed or the  average fragment mass 

determined  from Mott's equation could be used. 

Since  experimental fragment data for several   bombs  are 

available  in the literature,   as  shown  in Figure  9,   it was 

considered appropriate to use  this  information as  needed 

in the model instead of using  an exclusively theoretical 

approach. 

By using the data from fragment  tests on single bombs, 

the following parameters are known as  functions  of  the 

polar angle  y   (Figure 10):     a)   fragment mass, b)   fragment 

initial velocity,   c)   fragment mass distribution along the 
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Figure   10.     Polar and Departure Angles 

for  a Bomb Fragment. 
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bomb,   d)   and number of fragments per steradian or solid 

angle.     It is  assumed that each  fragment initially departs 

along  the  line through the bomb center and the  point on 

the bomb casing at which the  fragment is located.     The 

?ngle  that this line makes with  the horizontal  plane is 

denoted as the departure angle  3. 

b.     Fragment Trajectories 

The trajectory equations  are necessary to:     a)   determine 

if fragments  clear the barricade,  b)  predict the  fragment 

range  and impact velocity,   c)   predict the number of  frag- 

ments/unit area and mass/unit area as a function of  azimuth 

angle  and range from blast.     It will be assumed  in the model 

that  if fragments do not clear the barricade,   they are 

stopped and no longer considered. 

The range and impact velocity will be predicted by using 

basic  equations of wechanics  for the trajectory  in a finite 

difference  foim. 

The trajectory of a fragment is  shown in Figure   11. 

TK"  equations  below are  taken  from References   8  and  9  and 

modified for purposes of this  study. 
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Figure 11.  Trajectory of a Fragment. 
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The forces that act on a body in flight are the drag 

FD and the  force of gravity P .     Assume that the mag- 

nitude of the drag force, acting In the direction 

opposite to the velocity,  Is given by 

FD  -  1/2  pAACDV- (8) 

where 

p.   ■ density of air,  slugs/ft. 

A    - cross-sectional area perpendicular to the 

direction of propagation,  ft. 

C- ■ drag coefficient which Is a function of shape 

V    » speed of fragment,   ft./»ec. 

The components of the drag force In the X and Y directions 

are given respectively by 

PD    " ■pD C08a 

FD     m   -FD 8ina 

(9a) 

(9b) 

where a,  as shown In Figure 11,  Is the angle between the 

horizontal line and the tangent to the trajectory and 

varies such that 

3   >   a  >  «-a 
Impact 

(10) 
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The magnitude of the force due to gravity is given by 

F    ■ mg (ID 

where 

m = mass of fragment, slugs 

g ■ gravitational constant, ft./BBc' 

Newton's law yields the following equations of motion: 

mx - F. 

my - FD - Fg 

(12a) 

(12b) 

where 

x * acceleration in X-direction 

y ■ acceleration in Y-direction 

If the ballistic coefficient c is defined by 

25» (13) 

then Equations  (12a)   and   (12b)  become 

x ■ -cV    coso 

y ■ -cV    sina - g 

(14a) 

(14b) 
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Since 

dx g^- » V cosa (15a) 

gj - V sino (15b) 

Equations   (14a)  and  (14b)  become 

dlVcoioO.  .cV2 j^        ■  -cv    coso (16a) 

d(V l[na)  -  -cv2  .ina - g (16b) 

By performing the  indicated time derivatives,   these 

equations can be written in the  form 

• • 2 V cosa - V asino ■ -cV   coso (17a) 

• • 2 
V sina + V acosa ■ -cV sina - g       (17b) 

By multiplying Equation (17b) by cosa and Equation 

(17a) by -sina and adding, we get the following equation 

or 

Va ■ -g coso (18) 

da - -? g
08a dt (19) 

Inverting this equation yields 

dt - n"L,„ d« (20) g coso 
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By combining Equations   (16a)  and   (20), we get 

d(v cosa)  - 2JL do (21) 
g 

Multiply Equation (20) on the left hand side by 

(g^j and on the right by its equivalent (V cosa) from 

Equation (15a) 

-V2 
dx - — da (22) 

g 

Similarly from Equations   (15b)   and   (20) 

dy - iZi^tana da 
(23) 

In summary,  the governing equations for the time, 

velocity and coordinates of the  fragment, with a chosen 

to be the  independent variable,   are 

dt ' g cosa da (24a) 

d<v cosa)  - £X! da (24b) 

-V2 

dx " — da (24c) 

dy - ^- tana da (24d) 
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The initial conditions are 

«It - o ' 6 (25a) 

V
't - o ' Vo (25b) 

x|t . 0 - O {25c) 

t • o (25d) 

For a numerical solution of V, x and y in terms of 

a.   Equations   (24b) ,   (24c)   and   (24d)   are written in a 

finite difference  form as follows: 

T2 cV ana + 

,2 

AV - V(tana +  SL-—)  Aa (26a) 

Ax - ^r- Aa (26b) 

-V2 
Ay ■ -—- tana Ao (26c) 

After each increment in a, the coordinates of the 

fragment can k j determined and the computation stopped 

once the particle strikes the barricade or the ground. 

c.     Fragment Ballistic Coefficients 

In order to integrate the trajectory equations of 

the previous section,  the ballistic coefficient c must 
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be determined for each fragment.  It is more convenient 

to express Equation (13) in the form 

(27) 

where 

YA ■ weight density of air,  lb./ft. 

w    ■ weight of fragment,  lb. 

The weight density of air is assumed known.    C    is 

expected to take on values ranging from 0.3 to 2.0 and 

will be assumed constant for any fragment.     Reference 10 

indicates a value of 0.6  for the drag coefficient,  C-, 

as most appropriate for random steel fragments from an 

exploded bomb case.    The remaining term that is needed 

is the ratio A/Vp. 

o Since there is some disagreement as to appropriate 

values for this ratio, consider,  for purposes of illustration 

only,   a steel cube where the length of any edge is I. 

Then the cross-sectional area A must lie in the region 

A2 < A < S^cosCS^^) 

If the density is taken to be 500 lb./ft.   ,  then 
3 Wp - 500£ 

and 

[m 
1/3 
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The range for the area to weight ratio is then given by 

.0159  .  A ^ .0275    rft2^ 
"TTTT - *7-- "TXT   ten 

or 

For irregular fragments such as those formed by the 

rupture of a bomb case,   the area to weight ratio would 

be expected to be larger.    An average value of 

A    .  '0345       fft2^ (28a) 

A    «     -232       fft
2} (28b) 

w—      ITT    ITE"^ 
FG       W       /J       1D 

has been suggested by Reference 11 where w      is the 

weight of the fragment in grams.    This average value has 

been used in connection with the numerical analysis for 

the  trajectory portion of the program in which case the 

fragment ballistic coefficient becomes 

c -   .00532/wpG
1/3 (29) 
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d.  Coordinate System 

Most typical bomb stack barricades are rectangular 

with three closed sides and one open as shown in 

Figure 12.  For convenience, we adopt the coordinate system 

shown in Figure 13 where 6=0 corresponds to the line 

coming from the center of the bomb out the open side of 

the barricade.  As before, 6 is the angle that a given 

line makes with the horizontal plane. The bomb is 

assumed to be horizontal and 6 denotes the oriei tation 

of the polar axis of the bomb. 

The number of fragments per steradian that are 

emitted from a bomb (Figure 9) is given as a function 

of the polar angle y.  Since the analysis will be per- 

formed using the coordinates 6 and ß it is necessary to 

obtain a relation which expresses y  in terms of these 

two coordinates. This is easily handled using vector 

algebra. 

In connection with Figure 13, let e, , eL, and e- 

be unit base vectors in the directions X, Y, and Z respectively. 

Denote a unit vector in the direction of V. by e~ and 

a unit vector out the nose of the bomb by e . Then 

e0 - cos6 cose e. + cosB sind e, ♦ sinB e-  (30a) 

»B ■ cos2B e1 ♦ »ineB e. (30b) 
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STANDARD  EARTH 
BARRICADE 

Figure 12.     Typical Bomb Stack Barricade. 
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Figure 13.    Coordinate System for a Regular 

Barricade Enclosing a Single Bomb 
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Using the definition of the cross-product, 

\m0  x ij - \e0\    |eB| siny (31) 

Since the magnitudes of e« and e are both one, 

this relation yields 

Y - aresin {sin2ß + cos2ß sin2(9 - eo)}
1/2   (32) 

■ 

Let  *(Y) denote the number of fragments per steradian 

ejected by the bomb. Then the total number of fragments 

ejected out an arbitrary region is given by 

N - / t(Y) du) (33) 

where the element of steradian du is given by 

du - cosB dB dg (34) 

For the region bounded by the coordinates 6 ■ 6!, 

9 = e2, 3 = ßi and 6 ■ 02, the total number of fragments 

would be 

Nfl   ft   "  /   /    tfY) cos8 de dB       (35) 
Bl' ß2   Pi e, 

If the average number of fragments per steradian over 

this region is denoted by Viz,  then the total number 

of fragments would be 

9 i , 62 
Nft  fl  -  ti2 (02 - Oj) (sin02 - sinBi)     (36) 
P 1 /  P2 
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Usually the coordinates of a region such as the one 

defined above are given by 

e2 - e + A| (37a) 

9. - 6 - M (37b) 
2 

$2 - B + ~ (37c) 
2 

2 
$1 - e - ^ (37d) 

If A9 and A8 are small enough,  it would be reasonable to 

choose as average values for the initial velocity, number 

of fragments,  and fragment mass,  those values given in 

Figure  9  for the polar angle Y(9,6).     These parameters 

could then be used in connection with the trajectory equations 

derived previously to determine probable  impact velocities 

and coordinates. 

e.     Barricade Geometry Considerations 

To include barricade geometry affects,  a more general 

barricade composed of straight wall segments was considered. 

This introduces very little additional complicating features 

and allows some flexibility so that optimization of barricade 

design could be considered .\n the future. 

The geometry of the wall segments of the barricade 

is described in terms of cylindrical coordinates P, 6, 

and Z with the origin placed at the bomb center.     It is 
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assumed that the wall remains Intact as far as the fragments 

are concerned so that if the fragment strikes a barricade 

wall, it stops. Thus, for particular azimuth and departure 

angles, the existence of a wall for that azimuth must 

first be determined; if a wall is present its height 

mast be known so that the question of whether or not the 

fragments have cleared that portion of the barricade can 

be answered. 

The problem to be solved is illustrated in Figure 14. 

For a given azimuth angle of trajectory 6, the distance to 

the wall R. must be determined. The known quantities 

are R1, R2, 61, 62, and the height of the barricade z., 

z2, and z.  Since two sides (R,, R.) and the included 

angle (A6) are known, the law of tangents can be used to 

find * and fi 

R  — R 
♦ - i (180 - 49) + tan"1 {[-^ r^J tan i (180 - 46)} (38a) 

«l + R2 

R  ~ R       . 
f - i (180 - 49) - tan"1 [l— ^1 tan i (180 - 46)) (38b) 

Rl + R2 

The included angle between R- and the barricade wall is 

then 

6 « 180 - (♦ + (62 - 6)) (39) 
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Figure 14.     General Barricade Configuration 
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The law of ■Ines for a plane triangle can then be used 

to obtain the required distance to the barricade 

f.  Distribution of Fragments 

The previous sections have outlined a method for 

computing the Impact point and velocity for a group of 

fragments which are assumed to have Identical mass and 

velocity.  The total r-amber of fragments In this group 

depend on the azimuth angle 6, departure angle 0 and the size 

of the region defined by 01, 62/ 81 and 62*  In actual 

fact all of these fragments will not land at one spot 

but In general, they will be distributed over some area. 

The following discussion presents a method that should 

give reasonable results that can be compared with exper- 

imental data. 

For a given 6, a series of impact ranges will be 

determined together with corresponding values of mass, 

number of fragments and impact velocities. The number of 

impact ranges will correspond directly to the number of 

Increments used to cover the range of 3.  Suppose the ranges 

are ordered in an increasing sequence 

0 1 Rl 1 R2 <. * * * 1 Rj 1 • • • 1 R« 

To Illustrate the procedure, consider the fragment parameters 

associated with the range R2.     A reasonable approximation 
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is to distribute these fragments over the area bounded 

by the coordinates ^ 2, R^, e, and e2(See Figure 15) 

where 

81 » e - A0 (41a) 

02 - e + Ae (41b) 

Rl + R2 
'1,2 (41c) 

R2 ♦ R3 
^2,3 (41d) 

The area A covered by such a segment is 

A, '2  I ^.3 -'l.l*  Ae 

Similarly, the area associated with the range R. 

would be 

(42) 

'j  ' I (RJ,J+1 - 
RJ-l,j) " (43) 

where 

(RT_I ♦ Rj) ^J-l^ " I inj-l 

^^J+l " I (Rj + Rj+i) 

(44a) 

(44b) 
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BURST POINT 

Figure 15.  Approximate Impact Areas. 
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For the furthest impact point lt.,  choose 

VI,N ■ I (Vi + N) <45a> 

With the impact areas defined by Equation (43), 

both the number of fragments and the total weight per 

unit area can be determined by dividing the total number 

of fragments and the total weight landing at a particular 

range by the corresponding area, that is. 

(Number 
[Unit Area] 

Weight 

- (Number of fragments landing at Rj)/AJ (46a) 
J 

[Number]  (Average weight of fragment 
Unit AreaJ  " [Unit Area]   landing at R-) (46b) 
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5.   ANALYTICAL FRAGMENT MODEL FOR A STACK OF BOMBS 

The fragmentation model developed in the preceding 

diecuselon will yield fragment dispersions for a single bomb. 

The theory is expected to hold for a stack of bombs where 

the origin of the coordinate system is placed at the center of 

the stack.  However, interaction effects should produce a number 

of fragments for a given impact area somewhat less than the 

product of the number of bombs and the number of fragments 

produced by a single bomb. The exact effect must be determined 

experimentally. 

An illustration of the fragment survey areas from Phase II 

of the BIG PAPA  Tests is shown in Figure 16.  For each one of 

the fragment survey areas, fragments were counted and weighed. 

By computing the number of fragments and their weights for the 

same area, a "correlation1* or "effective number of bombs" factor 

may be computed for each area. Hopefully, the variation of the 

correlation factor from survey area to survey area would lie 

within a tolerable limit. With the "effective number of bombs" 

EFNB, determined, the fragment distribution for a single boob can be 

multiplied by EFNB to obtain the distribution pattern for the stack of 

boobs. 
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Figur« 16. Fragmentation Survey Plan for Phase II 

of the Big Papa Tests. 
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6. SUMMARY 

This section has presented a model that predicts the impact 

velocity and distribution of fragments for a barricaded or unbarri- 

caded bomb stack. 

Data in the form of initial fragment velocity, size and dis- 

tribution for each bomb, which is available in References 5 and 

6, is used.  The fragments thrt are ejected within a small area 

of the bonbcase are assumed to have identical initial conditions 

as far as the trajectory equations are concerned. Average values 

for the mass and initial velocities of the fragments are used 

together with a ballistic coefficient that was determined experi- 

mentally.  If the group of fragments clear the barricade then the 

point and velocity of impact can be determined. For cumparison 

with experimental data, this group of fragments is assumed to be 

distributed over an adjacent area determined by the increments 

in azimuth angles and points of impact of other groups of fragments 

along the same azimuth angle. 

The same procedure is used for a stack of bombs except that 

the total number of bombs must be modified to account for inter- 

action effects. The degree of modification must be determined 

emperically fro« existing experimental data. 

The computer program that follows the theory of this section 

is described in Appendix II. 
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SECTION IV 

CRATERING 

1.   INTRODUCTION 

A considerable amount of data have been accumulated that 

relate the size of craters to the yield of explosives, primarily 

for bare spherical and hemispherical charges.  Most of the work 

accomplished prior to 1961 has been summarized in Reference 12. 

Crater measurements of later detonations of major importance 

have been made and include "Operation Snow Ball" (Reference 13), 

"Operation Distant Plain" (References 14 and 15) and "Operation 

Sailor Hat" (Reference 16). These shots cover a wide range of 

explosive yield and soil types, a fact which produced a con- 

siderable amount of diversity in crater sizes. 

Predicting the shape of explosion-produced craters and 

the distribution of the ejected material has been a matter of 

some concern for several years (References 17-20).  Generally, 

the approach has been to assume a non-dimensional relation 

between characteristic dimensions of the crater and the 

explosive yield raised to some power.  The resulting relation, 

called a scaling law, is then used to extrapolate to new regions 

of interest. 

These scaling laws, even though set up to form a "best 

possible" fit for existing data, must be modified for changes 

in earth media.  Furthermore, it has become rather apparent 

from the shots at the Suffield Experimental Station and from 
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"Operation Sailor Hat" that any on« scaling law will produce 

reasonable results over a limited yield range. 

The charge shapes in the tests mentioned above are exclu- 

sively spherical or hemispherical. Results for other shapes 

such as rectangular parallelepipeds that would be of more sig- 

nificance for this report are almost non-existent except for 

the "BIG PAPA" test (Reference 1). 

In light of the almost total absence of analytical work 

in this area and because of the different shaped charge of 

interest in this project, specifically that associated with 

bomb stacks, it seemed appropriate to develop an elementary 

model using basic principles of mechanics. Although the 

approach adopted in this section freely uses past empirical 

relations, such an analysis could form the basis of a more 

rigorous development in the future if experiments could be 

devised to adequately determine the governing parameters. 

As for the past sections, all charges will be assumed to 

be resting on the surface. 
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2.   THE EFFECT OF CHARGE SHAPE 

a. Preliminary Comments 

When an explosion is detonated, the total available 

energy is divided into various categoriesr  blast wave» 

heat, and kinetic energy of the material itself to mention 

the most obvious ones.  Apparently the blast wave does not 

contribute to era taring, but rather, it causes a shock 

wave to be instigated in the earth (Reference 21). The 

major source of cratering action must then be the kinetic 

energy of the explosive material. By momentum transfer, 

energy is transferred to the earth media elements located 

on the surface and adjacent to the explosive, and by 

propagation within the neighboring region, earth particles 

are ejected and a crater is formed. 

Because of •-he r-nfining effect of the explosive 

material on itself, it seems plausible that the initial 

direction of propagation of explosive elements would be 

towards the surface of the explosive. Furthermore, because 

of air friction, interaction with other elements and so 

forth, the velocity of each element would decrease with 

time.  Hence, those elements closest to the earth would be 

the most effective as far as cratering is concerned. 

b. Basic Assunptions 

The above observations suggest that it is appropriate 

to make several simplifying assumptions to make an investi- 
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gation of charge shape amenable to analysis. Because of the 

praliadnary nature of this work, the following assumptions are made 

with the full knowledge that they msy be unjustified; however, the 

resulting analysis should yield a reasonable approximation: 

approximation: 

(1) Assumption 1 

Just the bottom half of the charge contributes to 

the cratering phenomenon. 

(2) Assumption 2 

The velocities of all elements in the bottom half 

of the charge are the same immediately after detonation 

and are directed vertically downward.  This implies that 

if v is the initial speed of all elements in the charge, 

then the initial kinetic energy per unit mass 

7V- (47) 

is independent of position. 

(3)  Assumption 3 

The friction force is constant and is the same with- 

in and outside the original outline of the charge. 

Such an assumption yields a couple of interesting 

results.  First it can be shown that the kinetic energy/unit 

mass e decays linearly with distance by letting z denote the 

distance of an element above the surface at any time t 

(See Figure 17). From Newton's Law, the acceleration is 

constant 

z (48) 
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PORTION OF BOTTOM ABOVE   t - L 
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Figure 17.     Notation for Typical Charge Shape 
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to that the velocity and position respectively become 

v » i » & t -  vÄ o    o (4»a) 

V 
o    o (49b) 

By a aeries of substitutions 

¥1 ' ao'o + aoz (50) 

and hence,  e decreaaes  as  z decreases. 

Secondly, if an element is initially at the critical 

diatance L above the surface where 

.2 

2a_ 
(51) 

then v (and hence, e) is zero when that particular element 

reachea the surface.  In other words, all elements above-' 

the plane Z"i. ind in the bottom half of the charge will 

not contribute to the cratering action. 

(4)  Assumption 4 

For the range of explosive yield considered in this 

report, the height of the center of gravity of the charge 

zCG is below the plane z«L so that all parts of tha  bottom 

half of the charge will contribute to cratering. 
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(5)    Assumption  5 

At the interface between the surface of the earth 

and the explosive,  the loss of kinetic energy is negligible. 

c.      Cratering Factor 

The energy es per unit mass delivered at the surface of the earth 

by elements originally at a distance z0 above the surface is obtained 

from Equation (50): 

e_  = ef 2-0 

2* 

o 
{52a) 

or, after using Equation (51) 

es ' eo (1 " V^ 

The total kinetic energy of the charge is 

(52b) 

/ 
B 

Me. 

e^ dm o 

(53) 

where M denotes the total mass of the charge and B the 

region occupied by the total charge.    On the other hand, 

the kinetic energy delivered to the surface of the earth 

is 

s ■L e    dm 
8 

K(i- CG 
"2L (54) 
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where B. denotes the bottom half of the charge and zCG 
- 

is the distance to the center of mass of the total charge. 

A cratering factor C- can be defined as the ratio of 

the kinetic energy reaching the earth's surface to the total 

kinetic energy, that is 

According to assumption 4, the cratering factor must lie 

in the range 

TlCp<^ (56) 

» 

Equation  (55)   implies that for two charges with the 

same  total kinetic energy,  the charge with the lowest center 

of mass will be the most effective as far as cratering is 

concerned. 

d.      Charge Shapes and Non-dimensional Variables 
If w denotes the yield of an explosion in terms of 

an equivalent weight of TNT,   then immediately after 

detonation, assume that the total kinetic energy of the 

explosive i8 directly proportional to W and is independent 

of the charge shape,   that is 

ET • yW (57) 

69 

i ^   *• 



1,1      

where u is a constant. The energy delivered to the surface 

Is then 

Ei - Cp uW (58) 

To eliminate the unknown factor u, reference charges 

can be introduced. For each charge shape, let Wo denote 

a reference yield and define 

E° -= Cpo pWo (59) 

where 

.o 
2< 

»to " y r - Trj (60) ^■M1-^) 
and z°    is the height of the center of mass of the reference 
charge. 

If the following non-dimensional variables are 
introduced: 

T - W/Wo (61a) 

K - Es/E° (61b) 

Co " VCPo ^^ 

then 

11 " Co T («2, 
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and the factor u is not present.  If 2 G and z° are both 
p 

much smaller than L, then C is approximately equal to 

one. 

For a given class of charge shapes,   the total yields 

can be used rather than the dimensions L,  z.. and zL~. 
Cv» CO 

One  such set is  illustrated in Figure 18 and is character- 

ized by the fact that the volume is proportional to the 

cube of one dimension in each case.     This restricts the 

group of triangular and cylindrical prisms   (which includes 

rectangular parallelepipeds)  to that  for which the curface 

contact area A    is proportional to the square of the height 

h.     In effect this implies that,  for example,  in the case 

of triangular prisms, we cam let the  sizes change but the 

shapes must be similar to the reference shape. 

Since the yield is directly proportional to the vol- 

ume,  it can also be said that for this class of shapes 

the distance to  the center of mass is proportional to the 

cube root of the yield.     Thus,  if we  let 

w (63) 
4CG 

where w.   is the weapon yield for a charge  shape in the  same 

class as those in Figure 18 and whose center of mass is at a height 

L above the surface, then 
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Figur« 18.    A Set of Four Charg« Shape« 
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^■H-fen V 

Fto H-H   ] 

(64a) 

(64b) 

< 
[--[5j1/3] 

■     1/3 

-ft     ] (64c) 

In the absence of experimental results that would determine 

WL' a value of lo6 I*»«, of TNT has been chosen for W for 

each of the charge shapes shown in Figure 18. 
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3.       CRATER AND EJECTA FORMATIONS 

ft.       Basic Shape Parameters 

The most significant parameters associated with the 

description of the crater and ejecta shape are shown in 

Figure 19.     If the origin of a cylindrical coordinate 

system is placed on the original surface at the center of 

the  crater,   then the crater depth is assumed to be adequately 

described fay the parabola 

Ä - a + bR + cR2 (65) 

wnere a, b and c are constants and R is the distance from 

the origin.  If D denotes the apparent depth of the crater 

at the origin, R the apparent radiuc at the original 

aurface and if we assume that 

d* 
dR R-0 

(66) 

then the orator depth is described by 

{ R2  1 
X   -   Da      1   -   £y 0  1   R 1  Ra 

cl 

(67) 

The maximum slope of the crater,  which will be of sig- 

nificance later in connection with energy dissipation, 

occurs a*- the intersection of the crater with the original 

suriu.oe and is given by 

D_ d* 
35 -2 

R»R. a 
(68) 
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An aid in visualizing this condition is to not«, as shown 

in Figure 20, that a cavity with this slop« avsrywhars 

would be a cone with twice the depth of the actual crater. 

After a detonation, particles that were originally within 

the boundary of the crater are located immediately beyond the 

top rim of the crater on the surface of the earth and this 

material that has been thrown out is called the ejecta. The depth 

of the ejecta as a function of distance from the center of the 

crater was assumed to be the same as that given in Reference 22 for 

nuclear detonations. This relation is 

". - °D, (ir} 
i 

R >  R. (69) 

A 

where a and B are parameters that depend on the earth media. 

If the earth media is assumed to be incompressible, then the 

volume of the   erster  should be the same as the volume of the 

ejecta.    Such a relation can be used to express o in terms of 

I; 
The volume of the crater is 

R_        _2IT * 

/" / / 
R dx de dR 

2Tr A-H) dR 
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or 

Vc * I D. ^ (70) 

Similarly,  if ß >  2,  the volume of the ejecta V    is given 

by 

ve '    j       } J e R da d9 dR 

or 

,00 A A 

- 2tr   I     a Da R^ R1"^ dR 
R 

Vft - i2- a D. RJ e       ß-2 *    * 
(71) 

Equating the two volumes yields the relation 

a - J (B - 2) 

so that,  from Equation   (69) 

(72) 

R.-jB 
«. - l* Cl - 2) (gi) (73) 

Reference 22 suggests the values a « 0.5 and 8-3.9 

for soil, and a - 0.3 and B - 3.1 for rock. However, 
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Equation (72) yield« the value 6-4.0 when a - 0.5 and 
A 

8-3.2 when a  - 0.3. Such a variation is negligible in 

view of the disparity in test results. 

Of more significance are experimental values for the 

height of the crater lip.  From Equation (73) the analytical 

expression is 

R-R 
r^ (6 - 2) (74) 

According to results tabulated by Vortman  (Reference 

16),  the 100-ton Suffield Experimental Station hemispherical 

shot in clay yielded a crater lip height which was 27 

per cent of the crater depth,  which produces a value of 3.1 

for §.    On the other hand,  for the 500-tcn Sailor Hat shot 

on basalt rock,  the height of the crater lip was 36 per cent 

of the crater depth, which yields a value of 3.4 for 6. 

These results imply that the values of 6 do not assume 

the same range of values for conventional high explosives 

as for nuclear explosives.  Furthermore, for conventional 

explosives the variation in 0 may be quite small for changes 

in earth media. 

For this project, a reference value of 3.1 was chosen 

for B for soil. 

It seems plausible to assume that most of the material 

will move radially outward.  For the next section it is 

necessary to know the positions of the centroids of crater 
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o       ( 5 

R dx dR 
" 

a— 

« AV 
e (75) 

The coordinates to the centrold« of the.e element, are 
defined as follows: 

rR      rSt 

o        o 
4Vc«c-"    f'    fxRdxdR 

O o 

„2 
R   ^ dR (76a) 

(76b) 

Ave Re - AG r /"• R    «« Ä (76c) 

AVe  2e  - A9 j j   e  R z dz dR (76d) 

a      0 

The results for ß  >  3.0 are: 

8 
Rc " fr \ 

xc ' Da/3 

(77a) 

(77b) 

• 
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SIDE VIEW 

Figure 21.  Centroids of Crater 

and Ejecta Elements 
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LzJLm 
8 - 3 a 

(j - 2)2 Da 

(§ - 1)  16 

(77c) 

(77d) 

As an example, the centroid for the ejecta for § ■ 3.2 

is given by 

* L    - 6R 
6 0-3.2     * 

(78&) 

s L    - 0.041D, 
e B-3.2 

(78b) 

b.  Energy Considerations 

Suppose an element with initial velocity v moves a 
o 

horizontal distance X and a vertical distance H as shown 

in Figure 22.  If just the effect of gravity is considered 

in the equations of motion, then from the equation of the 

trajectory it can be shown that 

H -f 
v* cos20 o 

+ X tanB (79) 

For a conservative estimate on the energy requirement, 

choose 0 with H and X considered fixed such that v ip 
o 

a minimum, that is, set 

dvo ar (80) 
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Figure 22. Trajectory of an Element 
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• 

t«».^ (81) 
m 

which can be written in the alternate form 

COB"» g*X* 

By substituting Equation« (81) and (82) into (79) we get 

v^ - gH U ± /m?/? J (83) 

Only the positive sign is appropriate.  If X/H < < lr 

we have the classical vertical notion relation 

v^ « 2gH, X/H < < 1 (84) 

whereas,  if X/H > > 1, w» get 

v0 • gx, VH > > 1 (85) 

Suppose that on the average, an eleawnt moves fron 

the centroid of a crater element to the centroid of an 

ejecta element.    Then 

Re-Rc 

f| - 2      8J 
l|  - 3      isi ' **   If  " ?H Wav 
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H - x_ ♦ « 
c   c 

* 13  16 (8 - I) J (86b) 

For the range 3.1 < t <  3.6, the anallest value of X/H 

occurs at 0 = 3.6. Hence 

| > 5.5 gi #  
3*1 1 ß 1 3«6 (87) 

For actual shots, it is generally true that the sppsrent radius is 

at least twice the nyaieut depth so that 

| 1 11 (88) 
■ 

Because of the diversity of experimental data» the inequality 

associated with Equation (85) can be considered satisfied 

and hence, with the use of Equation (86a) 

2 
c     w ^8-3  15 

In order that this expression alwaya be positive, we. must 

have  §  > 3 which is the sane restriction imposed previously 

in connection witli oentroids. 

If the mass denaity of the earth media is denoted by 

p,     the total  initial kinetic energy of the earth elements 

is approximated by 

e 

- HvS (! ■2 -81 4      a a   ^8  - 3       15^ 
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It should be emphasized that E. is not the same as the 

energy input E since a portion of the latter will be 
S 

dissipated into the ground in the form of heat. 

c.  Dimensional Considerations 

To describe the shape of the crater it is necessary 

to know the ratio D /R .  Postulate that this ratio 

primarily depends (Reference 23) on the following par- 

ameters:  (1) an earth media viscosity v',  (2) mass 

density of the earth media p, (3) the kinetic energy 

input E , and (4) the apparent crater radius R .  Such a 
s a 

dependence can be expressed analytically by 

Da/Ra - f  (p, Es, v', Ra) (91) 

where  f    is the unknown  function.     If   [MJ,   [L]  and   [T] 

denote the fundamental dimensions of mass,   length and time 

respectively,  then the dimensions of the parameters in 

Equation   (91)  are 

[Da/RaJ   =   1 

[p]   -   [M]/[L] 

[El   »   [M]    [LJ2/[T]2 

(92a) 

(92b) 

(92c) 

[Ra]   -   [L] 

[v  J   »   [M]/[T)    [L] 

(92d) 

(92e) 
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According to the Buckingham ir-Theorem, the latter four 

variables can be combined into one non-dimensional variable 

which is chosen to be 

♦ - ^—^ (93) 

I 
where 

v - v'/ZT" (94) 

can be considered a generalized viscosity,  NOW Equation 

(91) can be given as 

IT - «<♦) (95) Ra 

where f is a non-dimensional function of the parameter 

$  and is unknown.  Since no analysis in this connection 

appears to be available as a guide in choosing a suitable 

form for f, assume a simple exponential relation of the 

fo]lowing type: 

Da/Ra - k^ - k[2-ß (96) 

where k and ; are constants.  Note that this relation will 

yield the maximum slope of the crater wall with the use 

of Equation (68). 

87 



  

' 

Suppose that for on« «arth madia,  valuas of paraaatara 

aasociatad with a reference charge are denoted by a super- 

script zero.    Then,  according to Equations   '90)  and  (96) 

■S-jp,<«j)»(Ui.iJ (97a) 

~- k 
V 

o J (97b) 

The parameters p, § and v depend only on the type of 

earth media and not on the size of charge. Hence, these 

variables do not have the superscript zero. On the other 

hand, it is assumed that k and ( are independent of both 

earth media and charge size. 

By taking appropriate ratios of the terms in Equations 

(90), (96) and (97) the following relations are obtained: 

fs - !k f!a) 
E?  0° IR0) 

(98a) 

i+;rE 
(98b) 

Theae equations do not contain the terms that depend on 

the earth media; hence, they can be used for predicting 
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result« from th« knowledge of one surface detonation on 

a given soil or rook. 

The following analysis is developed to relate the 

actual kinetic energy of the earth particles E_ to the 

kinetic energy delivered to the surface E . 

d.  Energy Dissipation 

The initial kinetic energy E of the earth particles 

will differ from the kinetic energy delivered to the sur- 

face E by the amount of energy E dissipated in the form 

of heat: 

E„ - E  - E G   s   o (99) 

Prom the expression in the incremental theory of plasticity 

(Reference 24) for energy dissipation where T denotes 

stress and £ strain rate 

te vV (100) 

it seems appropriate to assume that E- is linearly pro- 

portional to v and also a function of E , p and R , 

that is 

ED - v 2 (Ei,p,Ra) (101) 

Dimensional homogeneity for the equation Implies that 

(102) ED - bEg 
v2Rj1/2 

T ) 
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where b is taken to be a non-dimensional constant and v 

is defined by Equation  (94).    For a reference charge, we 
get 

b E* 
v2Ro,l/2 

Ev. 
(103) 

so that 

E E0   R0 Es Raj 

1/2 
(104) 

For the case of a reference charge, it ia convenient 

to introduce a dissipation ratio 

*-5 (105) 

which is simply the ratio of the energy dissipated to the 

energy available at the surface. Hence E must assume a 

value between 0 and 1. 

From Equation (99) 

E. E 
E E° E0^ I O  D  8 

X ~ E0 E0 E ßD 's fiS 

(106) 
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Substitute Equations   (104),   (105)  and   (61b)   into   (106) 

to get 

Also 

so that 

•H 

4-<»-* 

]-< 1/2 

KR': 

E c1 -E.] 

(107) 

(108) 

(109) 

Hence,  with the use of Equation  (61b), Equations   (98a) 

and   (98b)   can be written in the alternate  form 

4+C 
K1^   fl  -  E° 

KRC 

P^" 
2 

(110a) 
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VD: 
l+C 

(110b) 

With R^ D°,   c and Efl presumed known, these two equations 

give the apparent radius and depth as a function of K and 

hence as a function of the yield of the explosive.     Then, 

if B is known. Equation  (73)  can be used to predict the 

ejecta depth. 

For a given earth media  (alluvium for example),   p 

and 3 are assumed known.    For some reference energy E  , 

the apparent radius and depth,  R° and D° respectively crn 

be measured,   and values for C and E^ determined experimentally. 

A different earth media will,  in general, yield different 

values for these parameters which will be designated by an 

asterisk.    For a new reference energy E 0, R 0 and D 0 

can be measured as before. Hie new density p can also 

be determined experimentally and it is assumed that c remains 

unchanged.     The parameters 3    and E ^ can be determined 

according to the following analysis. 

From Equations   (103)  and  (105) 

R" o 
a 
o 
s 

1/2 
(Ilia) 
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or,  after eliminating b 

1/2 

(111b) 

E *D E1 
ro    E0 

±        8 
*      T1 

1/2 

v 
(112) 

In a «imilar manner. Equation  (97b)  yield« 

a k 1 
i+c 

•V 
c *' 

V 

V 

2? 

(113) 

By eliminating v /v between Equations   (112)  and  (113), 

we get 

*D E1 

1 
IT 

(114) 

To obtain a value for ß , Equations (97a) and (108) 

for the two media can be combined to get 
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[8* -2 8 
ß* - 3 15 

-1« E*?) 
er (i - V '--** 

K t 

i. - 2 
A """ ̂^"^ 
ß ■ 3 15 

(115) 

Equation  (59)  can be used to express E °/E° in terns of 

reference charge yields and shapes: 
s'-s 

E 

CFo Wo 
CPoWo 

(116) 
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4.        SUMMARY 

For «aiy reference in connection with the computer program, 

the pertinent equations will ha siimmarized. 

For one partucuiar earth media,  Wo denotes a reference 

charge for which the apparent radius K° and apparent depth 0° 

are known.    Any other yield is expressed in terns of the ref- 

erence charge by seans of the non-dimensional parameter 

T « ^- (117) 

The energy Bg available at the surface is also expressed non- 

dimensionally by swans of the factor 

K - ^ (118) Bs 

where 

K.C£T 
(119) 

and 

(120) 
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For lack of a pracita value, WL ia taken to be 106 Iba. 

or 500 tona of TNT. 

With the dieeipation ratio B^ for the reference charge W0 

and the particular earth media aaaumed known fro» experimental 

source«,  the apparent radius R    and depth D    for charges of 

varioua values are determined from 

1/2] 

KR" (121a) 

t - <l 

Rt 

1+C 
1 (121b) 

• 

? 
■ 

The parameter c ia assumed to be the same for all earth madia 

and ia chosen so that the theoretical results fit the exper- 

imental data as closely as possible. 

With 6 known, the depth of ejecta is given by 

0 

H (8 - 2) 'a R > R. (122) 

One set of basic reference parameters are those associated 

with the 100 ton shot at the Suffield Experimental Station. 
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According to Reference 16, the «oil« a silty clay, had a weight 

density of 94 lb/ft and the apparent depth end radius were 

21 and 70 feet respectively. As Mentioned previously» an 

appropriate value for 0 for soil is 3.1. A value of 0.3 for 

both C and Ba for this reference coarge and earth nedia appears 
to give reasonable results. 

The above equations are also used for a different earth 

media. However, the new apparent depth D*° and apparent 

radius R ° must be determined experimentally for the new ref- 

erence charge W . The new dissipation ratio is given by 

1 ' 
-•D E1 

•o R0 

a 

* 

(123) 

-* 
and the new ejecta parameter 0    can be found from 

- 2 

Iß     - 3 

1   .%i* 
15 

i ^"c 

1 

1 

E •D 

- E' 

P     D 

P     D 

»0 

^a 
o 
a 

* 
3_ - 2 
A 

— •^■M 

ß •• 3 15 
(124) 

where 

'Fo 

To 

( w 1/3 
1 
T 2  - 

4 
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For a discontinuous basalt rock of weight density 190 

lb/ft , Reference 16 states that a charge W ■ 500 tons of 
*o TNT yields an apparent radius R  ■ 79 ft. and an apparent a 

*0 *D depth D      " 38 ft.    These values can be used to obtain E m a 8 
A* 

and ß    for this type of rock.    Then equations   (121a)  and 

(121b)  with the new parameters can be used to  find the dim- 

ensions of a crater for any other charge below 500 tons of 

TNT. 

The above outline briefly describe! a theory that should 

adequately predict the crater and ejecta shapes for a wide 

range ^f yield for conventional explosives.    The effect of 

charge shape is included in the analysis. 

For bomb stacks, the theory of this section appears to 

be satisfactory if only the weight of the high explosive is 

used.     For stacks that are of the same order of magnitude as 

the barricade,   the effect of the barricade, as  far as crater 

^nd ejecta shapes are concerned,  is assumed to be negligible. 

For cases where the bomb stack is relatively small, the sit- 

uation is quite different and for most practical purpose&,  the 

crater and ejecta shapes are not too significant. 

The computer program associated with the theory of this 

section is described in Appendix III. 
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SECTION V 

ILLUSTRATIVE EXAMPLES 

1.       INTRODUCTION 

In this «ection,  a representative set of curves is pre- 

sented Uist is based on the theory of the previous sections 

and the associated computer programs.    Because of the large 

number of parameters that are present, only typical values 

were chosen for a graphical representation of the computer 

output.    These curves are intended just to illustrate the 

type of information that can be obtained.     In many instances 

the computer output is more detailed and can handle several 

possible situations which are not appropriate for a graphical 

display. 

Some of the results of available experimental data are also 

plotted to indicate the degree of correlation between predicted 

and actual values.    As stated previously,   a certain amount of 

judgement is necessary when using these programs. 
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2.   RESULTS PROM BLAST PRESSURE PROGRAM 

As a typical example, parametert associatad with Phaaas I 

and II of the "BIG PAPA"  (Reference 1) teats ware used ai input 

data for the program.  The bomb otack dimaneions ware 30 ft. 

wide by 50 ft. deep by 8.83 ft. high and the corresponding 

barricade dimensions were 100 ft. by 70 ft. by 11 ft., respectively. 

Associated with a bomb stack are several conversion factors 

which are listed in Reference 3.  The first replaces the weight 

of the explosive in a bomb by an equivalent weight of TNT. 

According to Reference 1, which used a factor of 1.23 in convert- 

lag tritonal to TNT, the bomb stacks contained an equivalent 

weight of 307,500 lbs. of TNT.  From Reference 3, a factor of 

0.6 was considered rost appropriate for replacing the bomb stack 

by a bare charge (184,000 lbs.) that would yield the same blast 

pressure characteristics. A different factor must be used for 

impulse but since the procedure is quite analogous, impulse 

distributions are not given. 

Pressure versus distance is plotted in Figure 23 for the 

following cuses: 

a. Bare hemispherical unbarricaded charge, 

b. Bare hemispherical barricaded charge, 

c. Rectangular unbarricaded charge, and 

d. Rectangular barricaded charge. 

Figure 23a show» rather predictable results for the effect 

of the barricade on the blast pressure from a hemispherical 

charge.  For a given distance from the center of the charge, 

the pressure out the front or open end of the barricade is 
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higher than that for the corresponding unbarricaded charge while 

the pressures out the side and the back are lower. For large 

ranges, the pressures approach those of the unbarricaded charge. 

The pressure-distance relations for a bare rectangular 

charge with the same weight are shown in Figure 23b. When com- 

pared with the corresponding result for a hemispherical chargey 

there is a region where the pressures out the front and side 

of the charge decrease quite rapidly. An explanation for this 

is that the model initially assumes that the pressure waves 

propagate in directions perpendicular to each of the charge 

faces.  Thus, rarefaction waves that originate at the corners 

of the charge will travel parallel to the faces as the main 

pressure wave travels out. When the rarefaction wave reaches 

the point directly out from the center of a charge face, a 

further decrease in pressure could be expected. However, this 

phenomenon needs more study and as more data become available, 

the appropriate coefficients in the computer program should be 

changed. 

The combined charge geometry and barricade effects are 

shown in Figure 23c together with the experimental results from 

"BIG PAPA" as compiled in Figure 27 of Reference 1.  The correla- 

tion between the "BIG PAPA" tests and the predicted pressure 
o 

distribution out the back of the barricade (6 ■ 180 ) is not 

very satisfactory.  However, until test results for the effects 

of geometry on the pressure from large scale charges become 

available, the program is forced to use the data from the limited 

range of charge sizes used in Reference 4. 
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Pressure Isobars for a bare hemispherical barricaded charge 

are shown In Figure 24a. The Isobars for the unbarrlcaded charge 

would just be circles and, hence, are not Included. 

The effect of charge shape geometry is dramatically illus- 

trated in Figure 24b which gives the pressure isobars for an 

unbarrlcaded rectangular charge for the same case illustrated in 

Figure 23b. Similar curves for the rectangular barricaded charge 

are shown in Figure 24c. 
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(a) Hemispherical Barricaded Charge 

Figure 24. Pressure Isobars for Various Charge 

and Barricade Combinations 
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(b)     ItoctÄngulÄr Unbarricad.d Charge 

Figur« 24.     (Continued) 
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(c)     Rectangular Barricaded Charge 

Figure 24.     (Continued) 
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The front of the bomb was oriented at an angle of 
0 

B 
o 

270  ) 

3.       FRAGMENT DISTRIBUTIONS 

To illustrate the type of data that can be obtained from 

this portion of th« program,  the bomb parameters given in Figure 

9.were used in conjunction with the stack of bombs considered 

in Part 2 of this Section.    In addition, the following infor- 

mation was assumed: 

a. 

270 counterclockwise from the front of the barricade 

(6, 

b. Each bomb had a gross weight of 1500 lbs. 

c. Each bomb contained 750 lbs. of TNT 

d. There were 333 bombs in the stack, and 

e. The number of effective bombs was 266. 

It should be emphasized that the bomb characteristics out- 

lined above are purely fictional because of security reasons so 

that it will not be possible to compare results with experimental 

data-. 

Typical fragt.ent trajectories associrted with these bomb 

characteristics are shown in Figure 25.  This particular set 

of curves was computed using a 10 degree increment for beta. 

These trajectories indicate that fragments ejected by the bomb 
e e 

for approximately 5    <  6 < 50    will impact at ranges furthest 

from the bomb;    thus,  a high density of fragm    tß is to be 

expected at these impact points.     However, because of air 

» 
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friction/ the impact velocity is relatively low. 

Impact conditions versus range at selected azimuth angles 

ar* shown in Figure 26.    These curves appear as piece-wise 

lines of constant value because of the averaging techniques 

used in the program.    By decreasing the increment in B,  the 

changes would not be nearly as abrupt and hence, would be more 

realistic.   All diagrams indicate a high fragment density at large 

ranges. 

In Figure 26a/ the presence of the large impact velocity 

is due to the absence of a barricade wall at that azimuth angle. 

Fragments ejected approximately parallel to the ground strike 

the ground much sooner than do those with a larger departure 

angle B and hence,  these large impact velocities are to be 

expected. 

Figures 26b/   26c,  and 26d show the variation in impact con- 

ditions around the stack for representative values of the -zimuth 

angle.     For similar directions of propagation from the barricade/ 

the impact conditions are different in Figures 26e and 26f be- 

cause of the different fragmentation properties of the bomb in 

these directions. 
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4.   APPARENT CRATER AND EJECTA DIMENSIONS 

The apparent radiu» and depth of crater« in soil according 

to the theory of Section IV and the computer program described 

in Appendix III if shown in Figure 27 for a range of 10 to 500 

tons of TNT.  It is evident from the figure that the apparent 

crater radius and depth (70 ft. and 21 ft., respectively) assoc- 

iated with a 100 ton TNT hemispherical shot at the Suffield Ex- 

perimental Station have been used as the reference parameters for 

this program.  In addition, the following values have been assumed: 

a. The dissipation ratio E ■ 0.3/ 

b. The ejecta parameter 3 • 3.1, and 

c. For the range of charge sizes 10 to 500 tons of TNT/ 

; ■ 0.3 and W, » 500 tons. 

These resultant curves of Figure 27 show significant var- 

iations from scaling laws which would be represented by straight- 

line, relationships on this plot for both apparent radius and 

apparent depth.  Because of the attempt to include fundamental 

quantities in the theory, these curves should predict apparent 

crater dimensions more accurately than the curves associated with 

scaling laws. Of more importance/ the parameters E and c can 

be changed if more data warrant such an adjustment.  Furthermore/ 

the effect of charge size is included in the theory and changes 

in shape can be accounted for by adjusting w . 

Strictly speaking, the predicted results are applicable 

only for the earth media associated with the reference shot where 
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the »oil,  a silty clay,  had a weight denaity of 94  lb., ft. 

However/   for eaay reference#  results  from shots that m&y have 

been in a slightly different soil are also included in the figure. 

It is assumed that bomb stacks can be replaced by a bare charge 

with the equivalent amount of TNT as  far as crater dimensions are 

concerned.     Thus,  some of the    "BIG PAPA"   test results are also 

included in Figure 27. 

The depth of ejecta can be obtained from Figure 28 where 

the ejecta depth to apparent crater depth ratio is plotted as 

a function of the ratio of distance  from the crater center   (at 

the surface)  to the apparent radius for various values of the 

ejecta parameter 6.     Hence,  to obtain the depth for a particular 

location,  the apparent radius and depth and 6 "tust be known. 

When the earth media is soil,  a value of 3.1 is used for ß. 

For the type of rock encountered in the Sailor Hat test, 

the weight density was 190 lb./ft.      A hemispherical charge 

of 500 tons of TNT produced a crater with an apparent radius 

of 79 ft.  and an apparent depth of 38  ft.    Results for hemispher- 

ical charges of other sizes are shown in Figure 29 together with 

the predicted values of 6 and the dissipation ratio. 
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5.   SUMMARY 

Representative sets o£  curves have been given based on the 

computer programs and the theory of the previous sections. 

For given charge size and shape and barricade dimensions, the 

programs yield the following information: 

a. Pressure versus range and impulse versus range for 

various azimuth angles, 

b. Pressure isobars, 
2 

c. Impact velocity, number of fragments/ft. , average 

fragment mass as a function of range and azimuth angle, 

d. Apparent crater radius and depth as a function of 

charge yield and shape, and earth media, and 

e. Ejecta depth as a function of apparent radius and 

depth, and earth media. 

Normally, using the computer programs for a given set 

of input data will be the most convenient method for design 

purposes.  However, if a given situation occurs repeatedly, 

then it would be more convenient to construct a set of curves 

similar to those illustrated in this Section. 
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SECTION VI 

RECOMMENDED  INVESTIGATIONS 

1.        INTRODUCTION 

During the course of this project It became apparent that 

a large amount of important information was not available. On 

the other hand, there were certain* areas such as oratering 

in soil for which a great deal of data had been gathered. This 

section outlines the experimental data that would be necessary 

to corroborate a complete theoretical model that could be ussd 

with some degree o* confidence. The requirements for data have 

been listed in the same order as the topics were covered in this 

report. It is rather obvious, however, that more than one type 

of data could be gathered from one test. 

In addition to experimental data, the overall problem of 

safely storing bombs suggests a corresponding analytical study 

in linear programming where such factors as cost, time and safety 

are the limiting parameters.  It is believed that such a study 

would be extremely useful to the Air Force and accordingly, a 

brief outline of the approach is given. 
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2.   PRESSURE AND IMPULSE DATA 

a. Single Bombs 

Because the shape of a bomb Is significantly different 

from that of a spherical or hemispherical charge, peak over- 

pressure and Impulse data should be obtained at various 

angles of azimuth and distance  for bombs resting on the 

surface of the earth.    Furthermore,  the confining effect 

of the bomb casing should be Investigated by obtaining 

data for bombs with the same amount of chargo but with 

different case thicknesses.    Intuitively, one might expect 

the Initial value and the rate of decay with distance of 

the peak overpressure to Increase as the casing thickness 

Is Increased.    However, whether or not this Is true,  the ex- 

tent of the variation should be Investigated both analytical- 

ly and experimentally. 

b. Bomb Stacks 

Similar pressure and Impuxse measurements should be 

made for bomb stacks.    Tests should be conducted with the 

following sequences:    (1) Stacks with similar shapes but with different 

sizes, and (2) Stacks with the same number of bombs but with different 

shapes. 

Such a program would determine whether the confining 

effect of several bombs tends to Increase the initial values 

of the peak overpressure above that expected for the amount 
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of explosive present or whether a slight time difference 

in detonation of the individual bombs results in a lowering 

of the expected value.    Obtaining values for the unit im- 

pulse is also extremely important. 

A side benefit of these results might be the preference 

for a particular stack shape and size based on pressure 

and impulse limitations rather than stacking convenience, 

c.      Barricades 

Very little pressure and impulse data appear to be 

available for the region immediately outside the barricade. 

For a given stack size and geometry,  a series of tests 

should be conducted for barricades with various dimensions. 

Significant differences could be expected close to the 

barricade but for regions farther away, the results 

should approach those of the unbarricaded stack. 
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3. FRAGMENT DATA 

There appears to be eufflcient data on the fragment sizes, 

number of fragments and initial velocities of fragments for indi- 

vidual bombs.    One aspect that could be handled simultaneously with 

the pressure data of the previous section is the acquisition of 

information concerning the distribution and impact velocities 

of fragments from bomb stacks of various sixes and shapes.    These 

data would yield essential information concerning interaction 

effects and hence, whether or not the simplified theory of 

Section III is adequate.    If the theory associated with the 

fragment trajectories is fairly accurate, then the tffect of 

barricades can be predicted quite confidently and hence a special 

experimental program considering barricades is not warranted in 

this connection. 
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4.       CRATER DATA 

A va«t n'jnbcr of cratering programs have been conducted 

for bare hemispherical and apherical charges but predicting 

crater dimensions with the use of scaling laws is not com- 

pletely satisfactory.    Examples of unexpected crater sizes 

include 500 ton shots of the Suffield Experimental Station 

and of    "Operation Sailor Hat". It is believed that the level 

of the underground water table nay have affected the results 

of the first shot mentioned above.    The variation from the 

normal crater shape of the latter shot may be due to the type 

of rock at that particular location. 

In light of the large amount of crater   data available 

it does not seem advisable at this point to conduct more tests 

of the same type until there exists a better understanding of 

the effects of the various parameters that describe the earth 

media.    However,  in connection with this program, a number of 

tests do seem advisable. 

One of these is concerned with the effect of charge shape 

on the crater dimensions.    For example,   for the sane earth 

media and the same charge weight, a series of shots should 

be conducted in which the charge shape is varied.    Typical 

examples would be rectangular, cubical,  and triangular shapes. 

Another series could involve the use of stacked bombs, 

again for one earth media. Such tests would illustrate the 

interaction effects of bombs and the effect of stack size and 
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•hape.    Furthermore,  t«»t» of this kind could lead to coapariions 

with the result! of bare charges of the type mentioned above. 

According to the theory developed in Section ZV the shape with 

the lowest center of mass will produce the largest crater and 

the basic hypothesis behind this theory should be checked. 

Alto of considerable interest is the effect of barricade 

size on crater dimensions.    Experimental data in this area 

would be very useful for both theoretical and inaediate prac- 

tical use. 
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S. OPTIMIZATION OF STORAGE AREAS 

In developing a munitions storage area, several factors 

must be taken into consideration.    These include the cost and 

availability of land/ possible methods of stacking bombs and 

building barricades, degree of safety in connection with frag- 

ments, cratering, peak overpressure and impulse/ the time 

available to stack the bombs, and so on.    With the experimental 

and theoretical methods available it appears that it might be 

possible to develop a computer program that would optimize a 

given parameter under a given set of circumstances. 

One example could be the following:    Suppose that a 

particular amount of munitions had to be stored on a given area 

and the safety requirement was primarily one of ensuring that no 

fragments landed outside this area.     The problem would then entail 

finding the appropriate combination of munition stack shapes, 

dimensions and distributions of the stacks together with barricade 

shapes and dimensions that would satisfy this requirement.    If 

more than one combination was adequate,  then additional factors 

such as cost and time could be included in the program. 

Another possibility would be to determine the "safest" 

possible arrangement that could be developed in a given amount 

of time.    To determine the safety aspect, degrees of importance 

would have to be attached to each of the hazardous factors 

associated with a munitions dump.    Likewise,  the parameters 
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describing the time to stack the bombs would be included and 

by using the principles of linear progranming, the optimum 

configuration would be predicted. 

Since there are a large number of possibilities that 

could be of interest to the Air Force/ it would seem that the 

possibility of developing a program that could predict optimal 

arrangements should be considered.    The results could be 

significant improvements in safety# time and cost. 
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SECTION VIZ 

OONCLUSIQMS 

Analytical nodel« and tubaequent coaputeic codes have been 

developed for typical large quantity blqb-exploeive detonation« 

of those type« of conventional «unitions storsd by the Air Fore« 

in aboveground barricaded module«.    The parameters that are pre- 

dicted from these codes include peak overpressure, unit ispulse, 

distributions of fragment impact coordinate« and velocities, 

crater dimensions and depth of ejects.     The geometries of the 

bomb stack and the barricade are taken into account as «ell as 

the type of earth media.    Results of large-icale tests had in- 

dicated that the burning time of detonation and the point of 

initiation of a bomb stack were not too significant and,  hence, 

these parameters are not considered. 

Because of the lack of wide-scale, definitive experimental 

data, it was considered more appropriate to use a combination 

of analysis and empirical curve fitting in connection with the 

models.    Accordingly, some engineering judgement must be used 

with the computer codes since there may be soes disparity in the 

values of parameters for an actual problem and the values that 

are used in the model. 

Evory effort was made to use the latest experimental and 

theoretical results.    However,  there are several areas in which 
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vital gaps in fundamental knowledge exi«t«  A limited program 

of testing is necessary to obtain this information and the types 

of tests that should be run are listed in this report. 

Of more iamediate benefit to the Air Force is the development 

of coaputer codes which would optimise a base layout under a given 

set of conditions.  Such codes could produce the safest possible 

combination of munition modulec for a given area or, alternatively, 

the cost and amount of time required to construct a safe 

munitions storage area could be minimized. 

The codes that have been developed should be extremely help- 

ful in predicting the danger zone for a munitions storage area. 

In selecting aodels that yield governing parameters with respect 

to the safety of a base, a conservative approach has been adopted. 

Thus, as better technical information becomes available, these 

codes can be adjusted and better use of available ground spi 

for storing munitions can be 
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APPENDIX I 

BLAST EFFECT PROGRAM 

1. FORTRAN PROGRAM DESCRIPTION 

The computer code described In this Appendix follows -the 

development of Section II on Blest Effects«    The computations 

are performed in the sane order as outlined in the development 

of the analytical model whenever possible.    A flow Chart for 

the computer code is included in Appendix 1-2«     A printout of 

the computer code is included in Appendix 1-4« 

Äe first section of the computer code establishes   (a) 

the coefficients for the various polynomials needed during the 

computations,   (b)  overpressures to he solved in isobar option« 

and  (c)   degrees of different polynomials requirei in computa- 

tions #   and  (d)   lists format statements« 

Each problem to be run requires a control card to be read« 

If «ore data are to be read, the control card iadkates the aaount 

to be read and the variables that are to he reassigned.    The 

control card also sets the parameters describing bomb stack and 

barricade and indicates azimuth angles for which the pressure 

and impulse are desired.     After the control card is read« the 

heading on the output is printed to record the parameters of 

the problem for future reference« 

The solution is obtained by computing thf> pressure and 

positive  impulse for a bare hemispherical charge of TNT at the 
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scaled distances Z -   4.0, 4.1, 4.2 480, 490, 500.     The 

incremental steps of Z are as follows: 

AZ -    0.10 for 4.0<Z<5.0 

A2 ■     0.20 for 5.0<Z<10.0 

AZ ■    1.0 for 10.0<2<50.0 

AZ -     2.0  for 50.0<Z<100.0 

AZ - 10.0 for 100.0<Z<500.0 

Pressure and impulse are evaluated from the polynomials pre- 

viously fitted to the In P-ln Z and In l-ln Z representations 

ot Figure 8.    If a scaled distance Z falls within the confine 

of the barricade the pressure end impulse are not computed. 

This evaluation of pressure and impulse for a bare hemispherical 

charge is completed previous to statement number 335 in the code. 

If the charge of TNT   is rectangular rather then hflmi- 

spherical, the effects of the change in geometry are 

evaluated according to the theory of Section II-4.    The evalua- 

tion of effect of charge geometry on pressure and impulse dis- 

tributions is performed between statements 335 and 460 in the 

computer code.    The procedure used is to evaluate the pressure 

ratio and positive in"-alee ratio perpendicular to the faces of 

the rectangle and along a line through the center of mass of 

the charge and the corner where the faces of the rectangle meet. 

The values of pressure ratio and positive impulse ratio for 

angles other than those perpendicular to the faces and through 

the corners are ob ained by linear interpolation between the 
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two known valuas that span tha angle.    Latar in tha program tha 

prataura ratio and poaitiva inpulaa ratio will ba uaad to multi- 

ply tha corraaponding values of praatura and poaitiva impulaa at 

a distance S for a bara hamiapharical charge to obtain praaaura 

and poaitiva impulse for tha rectangular charge being modeled. 

If a barricade ia preaent around a stack of TNT,  it» ahapa 

ia assumed to be rectangular with the center of maaa of the 

stack of TNT very nearly corraaponding to the geometric oeatar 

of the barricade in tha plan viaw.    The walla of tha barrioade 

ire aaauned to be parallel to tha aidea of the stack of TNT. 

The effect of the presence of a barricade ia evaluated 

according to the theory of Section II-5 between atatament 

numbers 465 and 555 in the computer code.    The praaaura and 

positive inpulaa ratioa   (BP and BI), that will ba multiplied by 

the pref jure and positive impulaa for a bara hamiapharical charge 

at the corraaponding distances,  can be evaluated directly for 

directions perpendicular to the walls of tha barricade and out 

tha rear corner of the barricade by interpolation from the 

input data.    The ratios for angles not equal to thoee juat men- 

tioned are obtained by a linear interpolation scheme from the 

values obtained for direction perpendicular to the walla and out 

tha rear corner of the barricade.    It ia only necessary to deter- 

mine which two known directions the angle thsta liea between to choose the 

proper data for interpolation. 

This concludes the evaluation of the pressure and positive 

impulse ratios that are needed to estimate the effective change 
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I 
In pr«ffur« and Impuls« distribution produced by ths chango in 

ohargs goomatry from a hamispharical to a rectangular shap« 

and the preianc« of a barrioada around ths charge. 

To obtain the estimated pressure and positive Impulse 

distributions/ it is only necessary to multiply the pressure 

and positive Impulse distributions for the bare hemispherical 

charge by the appropriate pressure and impulse ratios as 

derived above.    These computations are performed and printed 

out in the computer code between statements SCO and 565. 

If isobar plots are desired to indicate distance to lines 

of constant pressure the statements 630 through 680 are executed 

by setting IBO ■ 0, otherwise IBO - 1.    The distances to points 

of equal pressure along lines separated by 5° increments are 

evaluated by starting at the extreme distance (Z - 500)  and 

comparing expected pressure to isobar pressure for decreasing 

values of I until expected pressure is greater than the isobar 

pressure.    When the points on either side of the dietance where 

isobar pre^. .:*    quals expected pressure are found, the distance 

to the isobar pressure is found by linear interpolation.    If 

the expected pressure along a direction of propagation does 

not attain the isobar pressure,  the symbol PMR is printed in- 

stead of the distance.    This indicates that the isobar pressure 

is not reached along that direction.    This method of evaluation 

continues until all the distances to the isobar pressures have 

been evaluated along the directions indicated. 
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2. BLAST PROGRAM FLOW DIAGWW 

SET VALUES OF ALL 

j POLYNOMIAL COEFFICIENTS 

I 
READ SL, SD7SH.  BL.  BD. 

QUAN,  NTHETA, NGPD, NGID. 

NBPD,    NBID,   NGO,   NBO,    IBO, 

NEFPRD,   NEFIRD 

PRINT RUN HEADINGS 

READ NEW GEOMETRY 

PRESSURE EFFECT 

POLYNOMIAL COEFFICIENTS 

FOR STACK FACE 

READ NEW GEOMETRY 

IMPULSE EFFECT POLYNOMIAL 

COEFFICIENTS FOR STACK FACE 
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READ NEW GEOMETRY 

EFFECT EDGE TO FACE PRESSURE 

RATIO POLYNOMIAL COEFFICIENTS 

\ 

READ NEW GEOMETRY 

EFFECT EDGE TO FACE IMPULSE 

RATIO POLYNOMIAL COEFFICIENTS 

READ NEW BARRICADE PRESSURE 

EFFECT POLYNOMIAL COEFFICIENTS ^ 

READ NEW BARRICADE IMPULSE 

EFFECT POLYNOMIAL COEFFICIENTS 

i 
^ 

SOLUTION OBTAINED 

ONLY FOR 6 * NTHETA 
T 
X 

SOLUTION OBTAINED 

FOR 0O< e< 180° 

IN STEPS OF 5° 
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INDEX     PER 

VALUE OF NTHETA 
) 

♦ 

PRINT VALUE OF NTHETA 

AND COLUMN HEADINGS 

COMPUTE BARE PEAK 
OVERPRESSURE AND 
POSITIVE IMPULSE 

COMPUTE GEOMETRY 
EFFECT FACTORS 

1 
GEOMETRY EFFECT FACTORS 

ARE SET TO 1. 0 

COMPUTE BARRICADE 
EFFECT FACTORS 

1 

YE8 
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1 
BARRICADE EFFECT FACTORS 

ARE SET TO 1.0 

MULTIPLY BARE OVER- 
PRESSURE AND IMPULSE 
VALUES BY APPROPRIATE 
FACTORS 

I 
CHANGE INDEX OF Z 
DEPENDING ON VALUE OF 
Z AND RETURN 

COMPUTE ISOBAR 
COORDINATES 
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3.    LIST OF VARIABLES TO COMPUTER PROGRAM POR ANALYTICAL 

BLÄST EFFECT MODEL 

Ad^) 

AFPR 

AFSIR 

ARD 

ARL 

Al, K2,  A3 

B(I,J) 

BD 

BI 

BIE(I,J) 

BL 

BOP (I) 

BPECI^J) 

Polynomial Coefficients to determine rectangular 

charge face pressure to spherical charge pressure 

ratio. 

Average pressure at a distance Z  perpendicular 

to faces of charge. 

Average impulse at a distance Z perpendicular to 

faces of charge. 

Face/Area ratio from front of bomb stack. 

Face/Area ratio from side of bomb stack. 

Polynomial to evaluate pressure out from faces 

of stack at a distance Z from the blast. 

Polynomial Coefficients to determine rectangular 

charge face impulse to spherical charge pressure. 

Barricade depth# ft. 

Factor to multiply by bare hemispherical charge 

impulse to include effect of barricade. 

Polynomial coefficients to determine effect of a 

barricade on blast Impulse distribution. 

Barricade length, ft. 

Overpressure from a bare hemispherical unbarricaded 

charge. 

Factor to multiply by bare hemispherical charge 

pressure to include effect of barricade. 

Polynomial coefficients to determine effect of a 

barricade on blast pressure distribution. 
139 
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I 
BPHI1 

BPHI2 

BSOPI(I) 

BTHETA 

Blf B2,   B3 

CRQ 

D 

EFIR(I) 

EFPR(I) 

FG 

FOP(I#J) 
* 

F80PI(I,J) 

GI 

GTHETA 

IBO 

Angle whose tangent is (BL/BO). 

Angle whose tangent is (BL/-BD). 

Impulse from a bare hemispherical unbarricaded 

charge. 

Angle through corner of barricade. 

Polynomial to evaluate impulse out from faces of 

stack at a distance Z from the blast. 

Polynomial for pressure from a bare hemispherical 

charge evaluated at a distance 2. 

Cube root of charge yield, lbs. ^ • 

Polynomial for impulse from a bare hemispherical 

charge evaluated at a distance Z. 

Polynomial coefficients to determine edge to average 

face impulse ratio versus Z. 

Polynomisl coefficients to determine edge to 

average face pressure ratio versus Z. 

Factor to multiply by bare hemispherical charge 

pressure to include effect of rectangular charge. 

Pressure expected due to changes in geometry and 

(OR) barricade. 

Impulse expected due to changes in geometry and 

(OR) barricade. 

Factor to multiply by bare hemispherical charge 

impulse to include effect of rectangular charge. 

Complementary angle of NTHETA. 

Isobar Option, IBO ■ 0 solves for isobars, 
IBO « 1 no isobars computed. 

Number of increments oi: Z within a certain range 

of Z values. 
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BfBO 

NBPD 

NDBIE 

NDBPE 

NOEFIR 

NDEPPR 

NDEG 

NDGID 

NDGPD 

NDOP 

NDSOPI 

NEFIRD 

NEFPRD 

NGID 

NGO 

NtaüMr of cards to bo road containing now 
barricade iapulso data. 

Barricade option, HBO « 0 rectangular barricade 

is included# NBO » 1 solves for no barricade. 

Number of cards to be read containing new 

barricade pressure data. 

Degree of polynomial for estimating barricade 
impulse effect. 

Degree of polynomial for estisuiting barricade 
pressure effect. 

■ 

Degree of polynomial for estimating edge/face 
impulse ratio. 

Degree of polynomial for estimating edge/face 
pressure ratio. 

Integer number of 5-degree increments in NTHETA. 

Degree of polynomial for rectangular charge face 

impulse to spherical charge impulse. 

Degree of polynomial for rectangular charge face 

pressure ratio to spherical charge pressure. 

Degree of polynomial for pressure versus % for a 
spherical charge. 

Degree of polynomial for impulse versus Z for a 
spherical charge. 

Number of cards to be read containing new edge/face 
impulse ratio data. 

Number of cards to be read containing new edge/face 
pressure ratio data. 

Number of cards to be read containing new geometry 
impulse data. 

Geometry option, NGO * 1 solves for hemispherical 

charge, NGO « 0 solves for rectangular charge. 
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MGPD 

NTHETA 

NOM 

OP(I) 

P(I) 

PP 

PRE 

P2, PI 

QÜAN 

RAD 

RDd^J) 

SIRE 

SL 

SOPI(I) 

TB 

TBI 

Nunb«r of card« to bo rood containing now 

geonetry pronauro data. ^ 

Anglo at which pressure and iapnlao desired, 

dogrooa.' 

Indexing variable. 

Polynomial coefficients to dotoraine pressure 

versus X for a hemispherical charge. 

Isobar pressures to bo solved, pal. 

Isobar pressure to bo solved, pel. 

Polynomial to evaluate pressure out from corner 

of stack at a distance % tram  the blast. 

Known pressures at diatances 12, Sl# pal. 

Equivalent: amount of THT in stack, lbs. 

Nuflfcer degrees per radian. 

Distance from blast, ft. 

Converts fixed point variable to floating point. 

Si so of increments of t within a certain range 

of Z values, ft/(lbs.1/3). 

Stack depth, ft. 

Stack height, ft. 

Polynomial to evaluate impulse out from corner 

of stack at a distance t ttcm the blast. 

Stack length, ft. 

Polynomial coefficients to determine impulse 

versus Z for a hemispherical charge. 

Same angle as NTHETA. 

Temporary barricade impulse ratio. 
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Tempormry barricade praaaara ratio. 

Oagreaa# Angle HETHETA in degree. 

Angle Measured fron front of bod» stack to 

corner of bonb stack. 

MTHETA - fO*. 

NTHETA /gO. 

X Log f. 

« Scaled distance fron blast, ft/dba.173!, 

tC Absolute value of X cos(theta), ft/Clbs.1/3). 

"CJ,H)       Scaled distance to isobar preaaure PP# ft/dba,
173] 

>Q Value of x sin (tbeat), ft/dbs.1^3!. 

X»(I,J)       Scaled distance at a particular angle and range. 
t2'  I1        Knoan distances that span distance to isobar 

pressure, ft/(lba.1/3). 

■ 
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4.       PRINTOUT OF PROGRAM FOR ANALYTICAL BLAST EFFECT MODEL 
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COFFFICtCNTS OF CÖMlfluT« 4,0,0 V$ Z  TO KTEWIHf WCTAMCül«* 
OHiMC MM FiftfYUH TA SMfÜtOiC ftNAMf FOCSSIMf MTIO 

DATA All,n,iri,Tr;iTi7T),ia,%l,«(l,9),A(l,0l,A(f,l»,«lt,tl,AfF,S 
i>, iff >»),Ti^T),*Tl^T,Tf?;it,»rS,gi,*CTti>,Atl.»>.aci,ii,m,oi/ 
flomui,•«.MniiJ.H«!»,.!.mm; 9.9riHK-n,-t**oiiTTf-<*f, 
9-Ul.O0S9,*r.(irft,~fc.^il|nM.?l't9M,~8.91878%C-8t,8.%l%8l9C-*, 
»t7f.iiOf,«y7.«%f¥7r.MHM,»0.MO»1».O.0»OH»t-Ot»«0.M0fO8t«0»/ 

COCFFtCtfHTS OF CONSTf1frT'0,C,F VS t TO OCTtKNINC trCTAMOüL«t 
CH8W0C FACe ti»m.it^T6fyNtl>ffeAL gjjMH timiLU    »ATto 

DATA ■ll,il,rTf,fTVin^;«ll~v*t(<ltlt9t,f(i,0l,tftft)ftltftl>fftfl 
ll,«C«fAt,%CMW0(ti|liil'tll»if9ft)9«CS>TI»0C9f%lvIIC9«fftt|Ct«ftl/ 
».98609,-1.71989,f.~fiif¥,-r.llA0e-81,9.27*801C-99,-•.t99tAt-89, 
3-1.39197,*.9n89,-9^f«<79,l.»*9HE-81,-8.1M70e-9>,9.19119E-8A, 
»-0.100t9,-».fftAl,f;<iyW,-.999iOg-81,9.tO»t»t-Ot,«9.t»91K-9»/ 

t'OfrFICICNT9 TO OETetHIIIJ tOQt TO AVCVACT FACE MtSOWf OAT TO V9  I 

OATA CFFtfll ,eFF*(El,EFPtf3»,CFPOf*» ,FF»t(9l ,tF^IOt ,CFM|f7I/-0, 94 
U29li7E-91,-0.3279977E-82,8.3172H%E-81,-8.2798999e-9t,9.9iAMl*r-8 
E»,-9.1g9»l99E-iC,i.yolfOt»t-00/ 

e0rFFtCIENT9 TO OfTERifriirebCg TO AVERA6E FACE IH^ULOE OATXO Yf 7 

OATA EFt*(ll,EFt9(t),EFT»($;,eFtKf%lvErtlM9t/-9.907979M*99,9.1991 
t /7OE«90 , -8. t91«*90E-9i, R. 39*nO_3E- 91,-9.19*98*9E-89/ 

MiMOfR ore m mrnRfcfHr OF mymmT0wr*~*fSfjh9iit**tt 
»fESSUKE V9 Z, MFOtOE VS Z,  OAWIftAOE FOESSU9E EFFFCT,0»«9ICA0f 
IMPULSE  EFFCCT, FOftr/FACF FRESOlME 9*TtO,roCE/FACE  TNFULSE OATXO 

OATA MDfHO6PO,M0CTO,M0OP,HOSO»I,NO*FEfNWie,ll0EFF9,HOEFf«/97.f«97 
1799,9,6,18,0,9,9,y,9/  

ftOEFFXCXFMTS TO OETERNXNE »RESSUÄE 99 ? FOR NEIIZ9PHE4XCAL CHAROF 

OATA OF(l),OP(2l,OF(3i,OF(%),OP(9),OF(7),OP(6»,0F(9l,OF{9lr0F(10l/ 
19.7036A18Fm,-g.a637Z*CMlj-Ö.Z916MlE«9B,-8.113771%EM8,8.3918% 
y99E-81,-8.gy969r9E-8t,f.9939l9ÖF-8i,8.999rH8E-8>,-9.91888t»E-9?,9 
3.1799969F-9V/ ' ' 

ftOPFFXCTENTS TO OFTEMIME  9CAI.*0 IHPUL5F VS Z  FOR  HEHXSPHERIC«L  CHARGE 

Mf'l SOPt(ll,SO*I(ZI,SOPI(31,SOPI(*),90»X(9t,90RX(6l,90*X(7»,tOFX( 
19)/fl.31?9»00E*81,-8.l799979E»B9,8.»llZ»9>E»88,-8.76A739»E»88,8.i96 
F9??*E*98,-i.i«*i9TniTTT7nrren6-8i;-o*.i79if'ifl-ff^ 

ROEFFICIERTS TO OEtERNZNF 8ARRTft«OE EF'FCT ON 9LAST PRESSURE 
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FBTMT  ^ 

BCffO C0NT80L  CABB ^  

If i ft. • «fA« UW|fM ' 
30 « FT.*«  STACK  OCFTM 
<M ■ FT.   ■ STACK  MEICMf 
8L  • FT.   ■ BlBBtCÄBE LEM6TM 
90 »  FT.   •  BÄBBTCÄOE DEPTH 
•JU«N «  LBS,,   «  EQUIVALENT   MOUWT  OF  TUT 
MTMFTA   «   Oecfff?"i   ANCLF   «T  NH1CM   FBESSUBES  AND  IHFOLSE  ABE   OESTBFO. 

MTHETÄ. -1  KILL   SOLVE FOB  ANCLES  FBON  8   TO 380 
•WCBEFS IN STEFS OF 9 0E6BEES 

N6FO •  NUBBEB OF  CA80S  TO 9E BfAJ). NfTH  NEN CEONETBT FBESSUBE OAT A 
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5.        INPUT FOFMAT 

The input to the Blast Program normally is one card (See 

Figure 30) consisting of the following parameters and control 

options in their respective order on the input card: 

a. SL - P6.2 Format—stack length in feet, measured 

parallel to the open end of the barricade, or perpendicular to 

the line for theta (6)  equal to rero degrees   (See Figure 31). 

b. SO ~ F6.2 Format—stack depth in feet, measured per- 

pendicular to the open end of the barricade or parallel to the 

line for theta (6) equal to zero degrees (See Figure 31). 

c. SB ~ F6l2 Format—stack height in feet. 

d. BL - F6.2 Format—barricade length in feet, measured 

parallel to the open end of the barricade  (See Figure 31). 

e. . BD - F6.2 Format—barricade depth in feet, measured 

perpendicular to the barricade open end (See Figure 31), 

f. QUAN - F8.0 Format—quantity of explosives in explosive 

stack in equivalent pounds of TNT.     The value of QUAN is to be 

determined by converting the weight of explosives in the stack 

to its equivalent weight of TNT and multiplying by the appropriate 

bomb factor. 

g. NTHETA - 14 Format—for 0 <_ NTOETA £ 180  the computer 

code will solve for peak overpressures and positive impulses at 

selected values of scaled distance Z  (4.0 <  Z <  500.0)  only along 

the angle specified   (See Figure  31).    For NTHETA « -1 the com- 

puter code will solve for peak overpressure and positive impulse 

t 
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•t Mlaotsd valu«« of totl«d distance B (4.0 < I < 500.0) along 

line« from that« 6 aqual to saro dagraaa through thata e aqual 

to 180 dagraaa in inoraaanta of 5 dagraaa. 

h.  NGPD - 14 Format—naw gaonatry praitura data option. 

For N6P0 • 0 tha oonputar coda uaaa intamal polynomial 

ooaffioianta to account for ataok gaomatry affaeta on paak ovar- 

praaaura along linaa parpandicular to tha vertical atack facaa 

and through tha atack cantar. For N6P0 > 0 tha ooaputar coda will 

raad new polynomial ooaffioianta to account for gaomatric affaeta. 

NGPD muat ba aat to a valua aqual to tha highest degree of the 

new polynomials whose coefficients are to be reassigned. Theae 

coafficienta will be for polynomials corresponding to B, C, and 

D in Equation (7) or Al, A2, and A3 in the computer coda. The 

method for obtaining the appropriate valuaa for theae coefficients 

is described in Section II. 

To input new pre a aura data for the appropriate polynomial 

coafficienta a total of NGPD + 1 data cards are required for 

polynomialc of maximum order equal to NGPD. Bach data card will 

contain one coefficient for each polynomial B, C, and D in a 3B14.7 

Format. Tha firat card will contain tha seroth order coefficients 

for B, C, and 0 respectively. The second card will contain the . 

firat order coefficients for B, C, and D reapaotively, etc. The 

final card in thia data aat will contain the NGPDth order co- 

efficients for B, C, and D respectively. 

158 

■ 

■ 

■ -^■>J.— -.-  ^ ,;. ,,., . r'    -»  - -  - — .           -■ 



■■      —        mm—r~~' 

«i.       NGZD - 14  Format—new geometry impulee data option. 

For NGID ■ 0 the conqpu.er code use« internal polynomial 

coefficients to account for stack geometry effect on impulse 

along a line perpendicular to the vertical stack faces and through 

the stack center.    For NGZD >  0 the coaputer code will read new 

polynomial coefficients to account for geometric effects.    The 

number of coefficients, number of data cards, and the values for 

the coefficients can be determined as in h above.    The variations 

from part h is that the coefficients will be for polynomials F, 

G, and H in Equation   (7) or Bl, B2# B3 in the computer code. 

j.      NBPD - 14 Format—new barricade pressure data option. 

For NBPD ■ 0 the computer code unes internal polynomial co- 

efficients to account for barricade geometry effects on peak 

overpressure along lines perpendicular to the barricade walls 

and through the barricade center, and along lines through the 

comer where the barricade walls meet and the barricade center. 

For NBPD >   0 the computer code will read new polynomial coefficients 

as in h above.    These new coefficients will be for polynomials to 

define pressure ratios in directions A, B,  C,  and D in Figure 8. 

The number of coefficients, number of data cards, and values of 

coefficients can be determined in a manner similar to part h 

above.    Each data card will contain one coefficient for each 

polynomial.    The data card Format will be 4E14.7. 

k.      NBID - 14  Format—New barricade impulse data option. 

For NBID ■ 0 the computer code uses internal polynomial co- 

efficients  to account for barricade geometry effects on Impulse 
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ratios in directions A, B, C, and D in Figur« 8. The number of 

coefficients, number of data cards, and values of coefficients 

can be determined in a manner similar to part h above. Each data 

card will contain one coefficient for each polynomial. The data 

card Format will be 4E14.7. 

1.  NGO - 14 Format—no geometry option. For NGO • 0, 

the program solves the problem according to the model develop- 

ment and includes explosive stack geometry effects. For NGO - 1, 

the program solution excludes explosive stack geometry effects. 

m.  NBO - 14 Format—no barricade option. For NBO ■ 0, 

the program solves the problem according to the model develop- 

ment and includes barricade effects. For NBO «1, the program 

solution excludes barricade effects. 

n.  IBO - 14 Format —isobar option. For IBO - 1, the 

program computations exclude the isobar option. For IBO - 0, 

the computations include the isobar option which also requires 

that NTHETA > -1 (See part g above). 

o.  NEFPRD - 14 Format—new edge to face pressure ratio 

data option. For NEFPRD • 0, the computer code uses internal 

polynomial coefficients to account for stack geometry effect 

on the ratio of pressure along a line through the corner where 

the vertical faces of the bomb stack meet and the center of 

the bomb stack to pressure along a line perpendicular to the 

vertical faces and through the stack center. For NEFPRD > 0,  the 

computer code will read new polynomial coefficients as in h above. 

The number of coefficients, number of data cards, and values of 
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coefficients can be determined in a manner similar to part h 

above. Each data card will contain one coefficient in an 

E14.7 Format. 

p.  NEFIRD - 14 Format—new edge to face impulse ratio 

data option. For NEFIRD ■ 0, the computer code uses internal 

polynomial coefficients to account for stack geometry effect on 

the ratio of impulse along a line through the corner where the 

vertical faces of the bomb stack meet and the center of the bomb 

stack to impulse along a line perpendicular to the vertical faces 

and through the stack center. For NEFIRD > 0, the computer code 

will read new polynomial coefficients as in h above. The number 

o; coefficients, number of data cards, and values of coefficients 

can be determined in a manner similar to part h above.  Each data 

card will contain one coefficient in an E14.7 Format. 
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6.   OUTPUT FORMAT 

The output from the Blast Program depends on the options 

that are chosen on the input control card. The output «rill be 

as follows: 

a. Geometry effect 

(1) If the geometric effects of tlhe stack SL X 8D are 

to be considered, the program will print out 

GEOMETRY OPTION USED 

STACK LENGTH - SL  STACK DEPTH - SD 

(2) If the geometric effect of the stack is not con- 

sidered, the program will solve the remainder of the prob- 

lem for a bare hemispherical charge and print out 

GEOMETRY OPTION NOT USED 

b. Barricade effect 

(1) If the effect of the presence of a barricade BL X BD 

around the stack is to be considered, the program will 

. print out 

BARRICADE OPTION USED 

BARRICADE LENGTH - BL   BARRICADE DEPTH - BD 

(2) If the problem is to be solved without a barricade, 

the program will print out 

BARRICADE OPTION NOT USED 
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o.  Char?« Weight 

The equivalent amount of TNT (i.e., m lbs.) that is 

represented in the stack of bombs is printed out as 

QUAHTITY CF EXPLOSIVES IN STACK - m LBS OF TNT 

d.  Pressure and Impulse Distributions 

(1) The azimuth angle 0 is first printed 

AT THETA - 6 DEGREES 

(2) The following headings are then listed: 

BARE MODIFIED     BARE    MODIFIED 
Z  OVERPRESSURE OVERPRESSURE  IMPULSE  IMPULSE   RADIUS 

(3) Under these titles, the following computed values are 

printed:  (a) scaled distance,  (b) pressure from a bare 

hemispherical charge,  (c) estimated pressure from the 

actual charge (shaped and/or barricaded),  (d) positive im- 

pulse from a bare hemispherical charge,  (e) estimated im- 

pulse from the actual charge, and  (f) distance in feet. 

e.  Pressure Isobars 

(1) If the isobar option has been used the program computes 

the scaled distance to the isobar pressures in increments 

of 5 degrees between the azimith angles of 0 and 180 degrees. 

Scaled distance will be solved for isobar pressures of 1000, 

800, 600, 400, 200, 100, 80, 60, 40, 20, 10, 9, 8, 7, 6, 5, 

4, 3, 2, 1, 0.5, and 0.1 psi. 
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The first line to be printed under thie option is 

THE ISOBAR COORDINATES FOR AM OVERPRESSURE OF 1000 ARE 

(2) The next line 

(PNR - PRESSURE NOT REACHED) 

defines the symbol which is used instead of the radius when 

the pressure given in Part  (1) is not attained. 

(3) The following headings are then listedt 

THETA I 

(4) Under these titles,  computed values of the azimuth 

angle and scaled distance for the prescribed pressure are 

pririted.. If the prescribed pressure is higher than any of 

the computed values for the particular line of propagation, 

then the symbol PNR is printed under S. 

The sequence of output given by Parts  (1)  to (4) is 

repeated for each of the pressures listed in Part (1). 
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APPENDIX II 

FRAGMENTATION PMOGAAM 

1.   FORTRAN PROGRAM DESCRIPTION 

This computer cod« corresponds to the analytical model 

described in Section III. 

The first step is to define the problem. A control card 

is read to instruct the computer to retain previous sets of 

data for barricade, Tragasnt, or fragment dispersion on multiple 

runs or to read in new data for barricade, fragment, or fragment 

dispersion. The control card also instructs the computer to 

^ (a) solve the problem with or without a barricade,  (b) sets 

, the increments of theta (asimuth angle) and beta (angle of 

departure),  (c) solve for a certain angular orientation of 

bori» in the barricade, and (d) sets the height of the canter of the bomb 

stack. 

When the barricade data are read into the code, the input is 

converted to radius to barricade, R3(J), and height of barri- 

cade, ZW(J), for each angle of 6, e(j). j is an integer where 

1 < J < (360/ITH)+l. ITH is the increment of theta. 

Initial conditions for the fragments are read into the 

program in terms of polar angle measured from the nose of the 
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bomb.  The input increment» of polar angle must correspond to 

the increments of azimuth angle for the barricade (cylindrical) 

coordinates (i.e., if AeoutpUt " 20 , values of fragment mass, 

initial velocity, and number of fragments must be read for 
•      • •   •   • 

values between 0 and 180 at the angles 0 , 20 , 40 ..., 

180*). 

To include the effect of a multiple number of bombs existing 

in the stack, a correction factor is included. This factor has 

been named "BPNB" for "Effective Number of Single Bombs in Stack. 

EFNB must be determined experimentally such that the fragment 

dispersion pattern for the "Effective Number of Bombs" is the 

same as for the detonated stack. 

If the current problem being solved has experimental 

results to compare with the computer output, a permanent record 

can be printed with the output by using Table 4—Experimental 

Fragment Dispersion Data. To use this option, NCD4 is given 

a number on the Control Card corresponding to the number of data 

cards that are to be read into Table 4. The input format will 

be discussed in Appendix II-5. No computations are performed 

using these data. The information is read in and immediately 

printed out to establish a permanent record. 

So far in this section the emphasis has been to organise 

the available information in a usable form for the subroutine 
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TR\J3.    The subroutine in this program confutes the trajectory 

for the fragwent "launched" at  the aziauth s^fle, e, 

and departure angle,  6;    considers properties of the fragment 

and forces acting on it;    estimates the range, velocity, number 

of fragments,  and fragment mass at the impact point.  Table 5; 

and estimates the distribution along the directions of propaga- 

tion.  Table 6. 

To produce the distribution pattern,  the differmnces in 

angle for the directions of propagation are established by the 

value of ITH read from the control card.    The program is de- 

signed to solve for the distribution 360    around the boob stack 

in increments of ITH,     TTA is the name given to the angle mea- 

sured from the center of the open side of a three-sided barri- 

cade to the radial direction of the trajectory.    TTA will take 

on the values 0    < TTA < 360    and will increase in increments 

of ITH.    NOTE:    This convention for TTA is established as a 

standard.    Actually, barricades of any shape that can be approxi- 

mated by one or more broken lines of finitely many linear seg- 

ments can be handled by reading in the angles and distances to 

the ends and the height of the segments.    The format for reading 

in the barricade data will be described in Appendix II-S.    In 

general, the origin for measuring theta can be placed in any 
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position, but the standard has bean chosen to produce computer 

results that can be easily compared. 

The computer code will solve for the increments of TTA 

just descxibed when the CO Statement on the major loop of 

TRAJ3 is as follows: 

DO  1800  J ■ 1, JTMM1 

JTMM1 is the integer valuo of 360 divided by increment 

Theta, ITH, where any resulting decimals are dropped. 

JTMMl - Hg 

Example 1.  If the radial directions of the trajectory are 
c 

described in 20 increments, ITH ■ 20,  the program must go 

through the DO loop 360/20 or 18 times. 

Example 2. For ITH - 14 the program must go through the DO 

loop 360/14 - 25.7 or 25 times. 

If the distribution pattern is desired in a specific 

direction 6 it is necessary to compute the number of increments 

of ITH in 6, rounding the result to the nearest integer value. 
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For futur« dioousflon, call this lnt«g«r L. Th« Do ■tatanuint 

in th« major loop of TRAJ3 would ba 

DO 1800 J - L, L 

Exampla 3.    If tha radial diitribution la daiirad for tha 

^ .raotlon 

6 « 120# and ITH - 20# 

120#/20# - 6 

OR 

L - 6 

Example 4.     If 8 - 131° and ITH ■ 20* 

131V20* - 6.55 

OR 

L - 7 

This means that tha computer would solve the problem for 

9 - 140° instead of the angle 131° desired. To avoid this dif- 

ference, it would be necessary to change the increment of thata 

to a more suitable value to produce an angle exactly equal or 

very near to the desired angle.  Note that whan tha distribu- 

tion in a direction 6 is computed, the area effected by the 

fragments in that trajectory is between the angles 6 - ITH/2. 

and e + irH/?. 
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For titch azimuth angl« TTA to b« us«d th« program «rill 

■olva for a aariaa of departure angles from the barricade, 

BETA. The values of BETA will be between the angles -89* and 

+89° since +90* and -90* are of no interest and cause problems 

with soms of the trigometric functions. The distinct values 

of BETA will be determined by the increment of beta, IB, on 

the control card. A large value for IB will produce coarse 

approximations, but require fewer computations than a small 

value for IB. 

Example 5. For IB ■ 20* the program will compute JBNX trajec- 

tories for each angle TTA. JBNX i.3 computed in the program as 
follows: 

1) The number of increments of IB in 89* dropping any 

resulting decimal values is NB. 

NB - 89V20* - 4 

2) The maximum number of increments of BETA that will be 

solved between -89* and +89' is JBMX. 

JBMX - 2 X NB + 1 

- 9 

For each valu« of TTA the trajectory will be computed for 

BETA - -80*, -60°, -40°, -20°, 0°, 20*, 40*, 60* and 80*. 
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Exampl« 6.    For IB - 10* 

1) NB -  89V10  -8 

2) JBNX -2x8+1 

- 17 

For each value of ITA the trajectory will be conputed for 

BETA - -85#,  -8O0,  -75#,   ...,  +80#,  and +85#. 

To change the program to compute trajectories for BETA 

from 0s  to 89* would require the following card changes 

Statement No. 

1640-12 JBMX - NB + 1 

1640-1 BETA - 0. 

Increments of beta, IB, would remain as previously discussed. 

To compute a trajectory the governing parameters for the 

fragment must be set. Since the fragment parameters are in 

terms of polar bomb coordinates, the angle between the initial 

direction of the fragment and the bomb centerline out the nose 

of the bomb must be computed. This angle has been named GAMMA 

and will be a function of TTA, BETA, and the angle to the center- 

line out tne nose of the bomb, ANGD. This computation appears 

in the program as statement 1640 + 17. 
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1640 + 17 GAMMA - (ASIN((SBS + CBS * SNS) **.5)) *57.3 

2 
SBS - SIN  (BETA) 

CBS - COS2 (BETA) 

SNS - SIN2 (THETA-ANGD) 

Sine« GAMMA can take on any value between 0* and 180* and the 

fragment parameters are read in at discrete angles» the values 

at the discrete angle nearest to GAMMA are applied as the 

conditions at GAMMA. 

Each trajectory is computed as a broken line of finitely 

many linear segments as indicated by Equations (26a) to (26c). 

The initial conditions at the beginning of each linear segment 

are the initial conditions at the bomb stack or are the end 

conditions from the previous segment. 

The difference in angle a between adjacent segments is 

DEL. The value of DEL is computed in the program as a function 

of position, velocity, and direction of fragment velocity. 

The initial value of DEL is computed so that the horiaontal 

distance that the fragment has traveled after the first step is 

slightly beyond the barricade wall. This appears in the program 

at Statement No. 1640 + 21 as 

1640 + 21 DEL - G*1.01 *DISTB/(VZER*VZER) 

where 

G » gravity constant 

DISTB » distance to barricade 

VZER ■ intial velocity at bomb stack 
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Succ««dlng valvwa of DEL ar« computed In such a way that either 

the increase in range or change in height is 50 ft. depending 

on whether or not BETA is less than or greater than 45* respec- 

tively.    In the computer program the statements appear as 

follows:    To increment the range in 50 feet increments state- 

ment 1752 is used 

1752    DEL - G *  50./VSQ 

Check if absolute value of BETA is greater than 45*# if it is, 

DEL is changed by the two statements following 1725: 

1725 + 1    VAL1 - ABS(ALPHl) 

1725 + 2     (VAL1.GE.0.7853)   DEL - ABS (DEL*COSALl)/SINAI) 

where 

ALPH1 - the angle the segment of the trajectory being 

considered makes with the horizontal. 

COtALl - COS(ALPHl) 

- SIN(ALPHl) 

Two exceptions exist that cause DEL to take on different 

values than just described.    The first exception occurs when 

the value of DEL that is computed as above is used in Statement 

rio.  1646+4 and the resulting velocity, V2,  is negative.    V2 is 

the predicted velocity at the end of the linear segment being 

considered.    In this case DEL is repeatedly cut in half and the 
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velocity recalculated until V2 remaine poiitlve. Thia check and 

modification ie done with Statement Numbere 1649-3 to 1649-1. 

1649-3 

1649-2 

1649-1 

IF(V2.GT.O.)  GO TO 1649 

DEL - DEL/2. 

60 TO 1646 

The second exception occurs near the top of the trajectory 

when the speed of the fragment is less than 100 feet/second. 

The value of DEL should be much less than one. Since DEL is a 

function of one divided by speed squared, small speeds can pro- 

duce values for DEL on the order of one hundred. To avoid this 

possibility, set DEL equal to 0.1 for speeds less than 100 fps 

to establish the proper order of magnitude and let the routine 

in the preceding paragraph make any further modifications that 

may be required. This adjustment to the program variable DEL 

is checked and modified with statements 1725-3 to 1725-1 as 

follows: 

1725-3   IP(V1.GT.100.)  GO TO 1725 

1725-2   DEL - .1 

1725-i   GO TO 1645 

The last bit of information required before computing the 

trajectory is the Ballistic Coefficient C which is a function 

of the fragment mass and hence it must be calculated for each 
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trajtotory sine« fragnsnt matt variai with th« diraction of 

"launch".    C Is oonputad in itAtanant 1645-1. 

where 

1645-1 C -  RHP*CD/(PM(K)**.33333) 

RHP ■ a combinad tat of constants for a fragmant 

CD ■ drag coafficiant 

FM(K)   ■ fragment mats in tha direction of launch 

To indicate if the top of the barricade has been cleared 

or not cleared a dummy variable, NBCL, is used.    Initially the 

value of NBCL is -1 indicating that the barricade has not been 

cleared.    If there ic no barricade in the radial direction of 

the trajectory or if the fragment cleara the top of the barri- 

cade, NBCL is set equal to +1 and the trajectory of the frag- 

ment is computed. 

The trajectory of the fragment is approximated by a broken 

line of finitely many linear segments where the angle between 

the segment and a horizontal line is continuously decreasing. 

The initial conditions for each segment are known from the termi- 

nal conditions of the previous segment or the initial conditions 

at the bomb.    The initial conditions for a segment include range, 

XI,  altitude, Yl, velocity, VI, and angle between the tra- 

jectory segment and a horizontal line, ALPH1.    The terminal con- 

ditions include range, X2, altitude, Y2, velocity, V2 and 

direction of terminal velocity, ALPH2.    The terminal conditions 
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for each segment are computed at the trajectory if mapped until 

the fragment strikes the ground Inside the barricade, strikes 

the barricade wall, or clears the barricade and impacts the 

ground at some distance. The printed output from the program, 

discussed in detail in Appendix II-6, will include information 

to indicate that the fragments do not clear the barricade or 

will record the impact range and velocity for each combination 

of launch angles TTA and BETA. 

The number of fragments landing at each impact point is 

assumed to be the same as the number initally launched in the 

trajectories by a single bomb multiplied by the number of 

effective bombs, EFNB. The number of fragments, NUM(x), in a 

trajectory will be dependent on the angles TTA and BETA and the. 

increments of each of these angles ITH and IB. NUM(K) can be 

approximated using equation 111-36. In the program this appears 

as statement 1645-10. 

1645-10  NÜM(K)-FPS(IGAMA)*RITH*(SIN(RBTA2))- SIN(RBTAl)) *EPNB 

where 

K - indicates the angle of departure, BETA 

IGAMA - indicates the angle GAMMA 

FPS( ) - fragments per steradian 

RITH - increment of theta/ TTA, in radians 

RBTA2 - radians to angle BETA + IB/2 

RBTA1 - radians to angle BETA - IB/2 

EFNB - effective number of bombs in stack 
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With th« impact conditions known along the radial dlrac- 

tiom from the barricade, tha average distribution/sq. ft. can 

be eitiroatad by the theory of Section ZII.4f.    The data along 

a radial direction are ordered according to the increasing 

magnitude of impact rangea using atatementa 1740 + 1 through 

1790.    The assumed impact area,  the number of fragmenta/sq.   ft. 

and weight of fragmenta/aq.   ft are computed and then printed 

as Table 6. 
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2.0     FRAGMENTATION PROGRAM FLOW DIAGRAM 

READ PROGRAM AMD PROBLEM 
IDENTIFICATION ] 
PRINT PROGRAM AMD PROBLEM 
IDENTIFICATION 

:) 

READ KEEP2, KEEP3, XBBP4, 
NCD2, NCD3, NCD4,  KFLAG, 
ITHr   IB,ANGD, HCB 

PRINT KEEP2,  KSEP3,  KEEP4, 
NCD2,  NCD3, NCD4,   KFLAG 
ITH,   IB,  ANGDr HCB 

Yea 

I 

■ 

- — -■"1' - 



PRINT HEADING ON TABLE 2 
BARRICADE DATA D 
DO FOR BACH CARD IN TABLE  2 

READ BARRICADE DATA 
TR1,   Rlr   TH2,   R2r  HB 

^ 

PRINT BARRICADE DATA 
TH1,   Rlr   HB,   TH2,   R2f  HB 

^ 

COMPOTE DISTANCE TO BARRICADE 
AND HEIGHT OP BARRICADE POR 
EACH VALUE OP THETA USED 

S      DUPLICATE VALOESSJ 
V     POR A DIRECTION/ 
\       THETA   (J)   jS 

1 YM 

«o 

' 

USE VALUE THAT YIELDS 
SMALLEST R3(J) 

CONTINUE 1 

1 
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Yes 

PRINT HEADING ON TABLE 3 
FRAGMENT DATA 

.\ 

DO FOR EACH CARD IN TABLE 3 

) 

READ FRAGMENT INITIAL 
CONDITIONS 
TH1, AFM1, VOl, FPS1 

INDEX FRAGMENT INITIAL 
CONDITIONS IN TERMS OF 
OUTPUT ANGLES 

PRINT INDEXED FRAGMENT  > 
INITIAL CONDITIONS 
TH2, AFM(I)# VO(I), FPS(I) 
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Yes 

PRINT HEADING ON TABLE  4. 
EXPERIMENTAL FRAGMENT 
DISPERSION DATA 

DO FOR EACH CARD IN TABLE D 
READ EXPERIMENTAL FRAGMENT^ 
DISPERSION DATA XC,   YC, 
XH,   YV,  NP1,  Wl,   ÜW1,   NF2, 
W2,  UW2,   NF3,  W3,   UW3 

PRINT EXPERIMENTAL FRAGMENT 
DISPERSION DATA XC,   YC, 
XH,  YV,  NF1,  Wl,   UW1,  NF2, 
W2#  ÜW2,  NF3,  W3,   ÜW3 

CALL SUBROUTINE 
TRAJ3 

RETURN TO  START 
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SUBROUTINE 
TRAJ3 

READ CD, NEFB 
^ 

DO FOR EACH INCREMENT OF 
AZIMUTH ANGLE, THETA 

) 

SET CONDITIONS ON 
MINOR LOOP 

PRINT HEADING ON TABLE 5. 
RANGE AND VELOCITY DATA 

DO FOR EACH INCREMENT OF 
DEPARTURE ANGLE, BETA 

) 

COMPUTE  GAMMA 

SET  INITIAL CONDITION FOR THE 
DIRECTION   (THETA BETA)   BASED 
ON THE ANGLE GAMMA 

182 



■rw^^v^m 

COMPUTE  TRAJECTORY 
OF   FRAG.^IENTS 

Yes 

COMPUTE IMPACT 
RANGE, VELOCITY, 
AND NUMBERS - Kl, 
VI, NUM(K) 

No 

PRINT RANGE AND VELOCITY DATA 
TTA, BETA XI, VI, NÜM(K), FM(K i 
PRINT RANGE AND VELOCITY DATA 
TTA, BETA, FRAGMENT DOES NOT 
CLEAR BARRICADE ^ 

CONTINUE 

CALL  SUBROUTINE  ORDER 

CONTINUE 

|RETURN 
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SUBROUTINE 
ORDER 

PRINT HEADING ON TAJ3LE 6 
DISTRIBUTION DATA i 
ARRANGE IMPACT RANGES IN 
INCREASING ORDER OF MAGNITUDE 

D DO FOZ  EACH INCREMENT OF BETA 

CLACULATE REPRESENTATIVE 
IMPACT AREA, AREA 

COMPUTE DENS, WTPA 

PRINT DISTRIBUTION DATA 
RA1, RA2, W(I) , DENS 
WTPA 

CONTINUE 

RETURN 
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3 •   LIST «= vmam TO ccmn* P«^ ^ ^„^ „„^^ 
MODEL 

AFM(J) 

ALPH1 

ALPH2 

ANG 

ANGD 

AREA 

BETA 

BETA1, etc. 

C 

CBETA 

CBS 

CD 

COSAL1, etc. 

D 

DB 

DELDG 

DELTA 

DENS 

DI6TB 

Average fragment mass emitted by bomb at an 

angle GAMMA 

Direction of fragment velocity at start of a 

segment of trajectory. 

Direction of fragment velocity at end of a 
segment of trajectory 

Nunber of radians in TH1. 

Equal to ©B in Section III 

Representative area of impact zone for a trajectory, 

Angle between horizontal and initial velocity of 
fragment. 

Angles defining region containing trajectory/ 

used to calculate number of steradians. 

Ballistic coefficient 

Cos(BETA) 

Cos2(BETA) 

Drag coefficient 

COSfALPHl), etc. 

Distance along barricade 

Increment BETA divided by 2. 

DEL/G 

Angle between R3 and barricade wall. 

Number of fragments/sq.ft. in impact zone 

Distance to barricade from center of bomb stack. 
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DTH 

DTHB2 

Dl 

EFNB 

ETA 

F.TTH 

FL1, etc, 

FM 

FPS(J) 

G 

GAMMA 

HB 

HCB 

HEITB 

IB 

IGAMA 

ITH 

JBMX 

JTHMX 

KANG 

KEEP 2 

KEEP 3 

Angle between ends of barricade segment. 

Increment of THETA divided by 2. 

Intermediate value to solve for SII and ALPHA. 

Number of single bombs to produce same distri- 

bution as boiflb stack. 

Difference between barricade and bomb coordinates. 

Floating point increment of THETA. 

Floating-point number of TH1, etc. 

Fragment mass. 

Average fragment/staradian in direction GAMMA/ 

bomb coordinates. 

Gravitational constant. 

Angle between VO and bomb centerline. 

Height of barricade for segment defined by 

TH1-TH2. 

Height of center of bomb stack about ground. 

Height of barricade. 

Increment of departure angle BETA. 

Integer number of increments of THETA in GAMMA. 

Increment of azimuth angle THETA. 

Number of increments of BETA (IB) between 

-89° and 89c. 

Number of integer values of ITH in 360*. 

Integer value for ANGD. 

IF 1, Hold Table 2 Data fron previous run. 

IF 1/ Hold Table 3 Data fron previous run. 
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IWHt.1 

KEEP 4 

KFLAG 

KNG1 

KTHl 

KTH2 

NB 

NBCL 

NCD2 

NCD3 

NCD4 

NF1, etc. 

NTH1 

NTH2 

NUM(K) 

PHI 

RA1 

RA2 

RBETA 

RBTA1, etc, 

RETA 

RHP 

■« 

IF 1/ hol)  Table 4 Data from previou« run. 

Indicator to initialize R3 and ZW to zero. 

Integer number of increments ITH between 

barricade and bomb coordinates. 

Integer degrees to start of barricade segment. 

Integer degrees to end of barricade segment. 

Max. number of increments of BETA in 89°. 

Index to indicate when barricade has been 

cleared. 

Number of cards to be read for Table 2. 

Number of cards to be read for Table 3. 

Number of cards to be read for Table 4. 

Number of fragments in impact area 1, etc. 

Nearest integer number of increments of ITH in 

TH1. 

Nearest integer number of increments of ITH in 

TH2. 

Number of fragments in a given trajectory. 

Angle between barricade and R2. 

Radius to inner bound of representative impact 

area. 

Radius to outer bound of representative impact 

area. 

Number of radians in BETA. 

Number of radians in BETAx, etc. 

Number of radians in ETA. 

Constants fcr computing drag force. 
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RIB 

RITH 

RKTH1, etc. 

RTH1 

RTH2 

Rl 

R2 

R3(J) 

SBETA 

SBS 

SINAI 

SII 

TH1 

TH2 

TS 

TTA 

TTA1, etc. 

Number of radians in increment BETA. 

Number of radians in ITH. 

Number of radians in TH1, etc. 

Radians in 7*11. 

Radians in TH2. 

Radius to beginning of barricade segment being 

defined. 

Radius to end of barricade segment being defined. 

Distance to barricade at angle corresponding to 

J increments of azimuth angle THETA. 

Sin(BETA) 

Sin2(BETA) 

Sin(ALPHl) 

Angle between barricade and Rl. 

Sin(ETA) 

Angle to beginning of barricade segment being 

defined. 

Angle to end of barricade segment being defined. 

Tan(SI) 

Azimuth angle, IHETA, using cylindrical barri- 

cade coordinates. 

Angles defining region containing trajectory, 

used to calculate number of steradians. 
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UF1, etc. 

VAL1 

VO(J) 

VSQ 

VSOD 

W(I) 

VZER 

VI 

V2 

WTPA 

Wl, etc. 

xc 

XH 

XV(I) 

XI, X2 

YC 

YV 

Yl, Y2 

ZW(J) 

Maximum fragment weight, grams, etc. 

Absolute value of ALPH1. 

Average fragment velocity in direction GAMMA. 

Velocity squared. 

Velocity squared divided by DEL. 

Velocity vector. 

Initial velocity. 

Velocity at start of a segment of trajectory. 

Velocity at end of a segment of trajectory. 

Weight per sq. ft. at impact areas. 

Minimum fragment weight/ grams, etc. 

X coordinates of impact area. 

WIDTH of impact area. 

Range vector. 

Initial and end conditions for a segment of 

trajectory. 

Y coordinates of impact area. 

Length of impact area. 

Initial and end conditions for a segment of 

trajectory. 

Height of barricade at distance R3(J). 
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4.   PRINTOUT  OF  FRAGMENTATION PROGRAM 
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rtmt 

»wr.^e»« r»iPH c INPUT, OUTPUT I 

UNrMSIOW »'«•C2')l 
rOIHOH  TMCJ^I»,   •FHCIM»,   rfrdS"),   rPSC'6,'»f   »ICMD,  J-Ult   , 

1 NHAK   ,   HC**   ,   IMRO   t   JTHMX   «   JIN«   .   I1»   ,    ITM   ,   »tT«   ,    'XTH, 
»TTI1   ■   TT1»   ,rH(M0)   |   IVltMl   «   VV<m)   ,   MUM(l^<1)   ,   TNC1«1»   , 
• Tia«»!   .  ▼«(t^'»»   ,   TVUNt 

m 

• 

««9  WHIT   (   til«   ?3«*   UM     //  » 
51«  »OW«T   C   1»«,   M.9,   r«.l   » 
912 '0?H«T   |   //TflH T«US  1. CONTROL  OIT« ,   /, 

MUC  N'JHMt ,   /, 
? 1       1 i   /f 

F1»IC^-1»T» OPTIONS ll'HOLO» , IIX, 3 (VX.T 1» 
Ml" CMOS INPUT TMIt PNONLrN ,11», 3m,T?J 
P«f"T1«Oir   1«T«   (   l«NtJ   I ,«'»,   T3,  /, 
TNCP'HrNT^  Of TMfT«,  r)E«<«f^S ,2'Ä,   13,  /9 

I»(CpfN?NT^  0^   ^fT«,     Of.tEK«?  ,2«,   ISf   /f 
• N«LC  5*TNKrM COO*0IN«TrS OP ^OIN  *N0 MNP 

»HTf«nP,   ^»,   PJ.I,   /, 
»9H HflfiMT  Of  ^TiC<  CFNTC« ,«l>rf   M.l      I 

1 
? 
t 

OTSTÄNCF, PT »iff 

«»5X,   »OH 
•5H 

«4 /MM 
.  * . q //t^M 

^ MM 
T UM 
^ 9?M 
0 
I 

ffffll            <M« PO»M«T C   «PlO.l   » 
8I14«41            «t«  fO*(«T f   //IflM            TlNLf   ?.  SMTAriOf O^TI 

I *tH                        T»«€T«f  Of,»?« 
? »flMNIC^O?  MftfMT,  FT        ,   •  » 

•»lint»!   »ir FO»M«T ( 19«, r».t, tM» P».if trir, M,t, /, I«» F9.1, 15», F«.I, 
1 1»», P9.1 , / » 

•»m««»!     •?• FO^MIT C iFifl,«) » 
fln'»0«»l    9?6 PO»M«T C //tlH    T»f»LF '•. F»«6N?NT OtT«   ,//, 

1 S?M                     TM€T«,   T?6                      AVC  F**r,           INITTtL 
? UM     «»«6S       •   ^, 
? 5?M                 (NPt   B0H9  COOtOI        Mftf   6»*MS       WL,   »PS       P 
•i 11MC»  STFN«Of»N    ,/     » 

rtVHI            S»T rOPHIT <   •«,  »IP.I,   *)(,   Fl«,8|   IK*   PH.«»,   3X,   Pt«.0   » 
•)a',0<»l            5?P  roPH«T (   /  > 
1100<»1             «10   PO»NaT (   «.PR.lt        1«   T«,   Ff.l,   Ff.l   I             1 
•WO*I            51S  POP«T C   //«PM            T««»L»   /, CXPPPTNCNtH  FMSNfNT  OISPCPSIÜN 0«T« 

t /5?M                                                    TOOPOINdTCS,   FT              NUN 
? -»OMNeT'.HT  PANRE                    ,/, 
1 S?M                     «r    .         rc       UM          rv 
* 10M        (C««MS),   /  I 

OOftObi              Sift   FO»H«T (   4V,   I» (   PX,   P«.l    ),   IX,   It,   ftp,             F6.t,   IX,   1*-,    IX,   P6. 
it, / . ?«*s» » I? , «x , P«.I • 3M -    , r<;.i « / i  ) 

if SMI             S-««  PO»HlT t   IM1   » 

f. .»»or,***  «fin P»ONLrM IOfNTTFTC»TTON 
e 

movi s«« R»«n    SIO,   I PUNCH,   T  »  1, 10  I 
•»•»•»«»S? P»INT  SOS,   f   PUNCH,   I   ■   l,   10   » 

C——INPUT  T««L?   1  -  CONTROL   OM« 

' 

ssstu 
<» «11115 
S1SI1S 

011150 
•»011S1 
•mus 

•c»0 510,   <••*«»?,   XFCP^,   XffP*,   NCO?,   N^O?,   NCO«»,   "(PUC, 
1 TTM,   IS,   «NGC,  M^T 

K«N6   «   «NSO 
IF   C   T*M,EO.i   I   GO  T0  SPS 

••INT  SI 2,   <E^?,   X'EPS,   XEfP*,  NC02,   N^pt,  NCS«»,   XFL«6, 
1 ITN,   IS«   «NM,  MCN 

JMLO  >   S 
JTMNX   •   C   ^SO   ^   TTN  »   ♦   1 
JINX     >   <   ISO  /   I*   )   »   1 
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nnm 

11M7U 

«11177 

>tTM  ■  rfTH  /   S7,in 

tr   (   «FLA*.   .   rO   .   •   I   CO   TO 942 
•;o TO i«k 

«9i If ( <FrP!» .  ei .  i > «o TO »»» 

r-....TWJT TBBLT e - ■»«•?irior om 

r TH€T«   19  TMC   »HGLC   •4F«9U»'0 F909  THE   rfHT€9LXHF  Of TMC  OFEN  SIOF 
r-.— OF   '. TH»»|f ■»lOET •*9t«TC«ne 
r 
C...-   «M9n  TS  THr   äMOL?   F10H  TMfT«   »   7?»0  TO   TH^  rE9TFmiie  0*  TM   «OMF. 

MHSÜ9F  IW.n IM 3«H« OI»FrTTON  19  UUS  THrTt. (fJ,LE.«M60.LE.O60 » 

^▼»TT  916 
no   621    I ■ t, Mro? 

9f«!)    919,  TM1,   kU   TH2»   "»Z»  H9 
o'TMT  917,   TMl,   »l.   Hfl,   TM?,   •»,   Hl 

<• 
<;.....f;0«tV?»T  iMTFcrt V«LUC9  IM OFWEES  TO M«W»r9T  NULTI»LE OF ITH  CIN- 
1 ^EHFMT? OF  POL«»  «MOLE  ) 

HTMt « I   TM1  /  FXTM I   ♦  «.9 
NTH? . C   THE  /   FTTH  I   ♦  9,9 
<THt • HTH1   •   TT»« 
KT«? ■ HTM» •   TTH 

f, 

e*—•'HMVCtf  IHWJT   ••«»:LF9  TH1   iMO TM»  INTO  4«0I«NS 
r 

»TMl   «   THl   /  17,30 
9TH? • THE  / fT.IO 

i > 
0 ~OHVF*T   •H';LE9  «THl,   9TH?t tQ  •«OtWr 

«(Tin • at / 9T.IO 
9i(THE  ■  ^L»  /  97.jr 

C CONVE'T   IHTe"GF* m>TE9   OF  «THl   »MO  «TM?  TO  INTCCCM  IMCRFMEMTS FO« 
r TNirxiMO PU^POIES 

Jl   ■   MTH1   ♦   1 
J?  «  HTM?  »   1 

«» 
^ COHPUTE   •N';LF9   OF   T»I«NCLF h«0? 9r  »1,   •?,   «NO  9ftt«!C«0E 

OTH  ■  »TM?  -  9TH1 
«I «   0.1  •   C  9,1%  - OTH I 
TS «   TiN   (   91   » 

01   «   »T«N   (((   91   -RP  I   /   (  NE   ♦  91  |   I   •   TS  I 
•HI   «  91*01 
9TI   «91-01 

0  «  91   •   <   9IMC0TM»   /  9!H(PMI)    » 
m-,  m   99TH1 

r. ^FT HFTGMT o»  9«»»tn40r  FC9 »"«CM IlKJN  OF THFTÄ  P»0M JTNt-JTH? 
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9KWI 

id"1?*/ 

flings 

"»iiye» 

in'jsrv 

iin«»i.i 

•»Ifllll? 
111*?'« 
ian*2? 

•<1<«fc?5 

ili<»i»n 

II'»!»'»'! 
•»<»1^/« 

llflfcSI 
"ii*«;? 

1110/ / 

0in54r 
IIHJ'» 
IfJISSl 
ni55t 

oo it<   ' »   »It J2 

fTLT«  ■   1tlt   -   (   PHt   ♦   (   ?TH2  -   IM   )   » 

•SCT MPICMT   f)«* «»»TC^OF  FC»  '»tST»MCr  »«fj» 

/  ^TN   <   OCLT«   I    » 

r 

■.i» 

«1/ 
Ms 
6»n 

.CH^rK  fOO  lUOLICITE  VftL'f';   OF   J—TF  JH'-Pf   HE   TWO  VALUES  OF   J   t   jv 
TWO VALUF<(  0» TH1  0»   TH»»   US?   miT  TM«T  VirLU<5  SHHLTST   »3(JI 

IF   <(J-MLOI.ST.O.fl'.CJ-JHLD.LT,»».   )   W  TO 61? 
IF   <   P3(JI.LT«HL0ff1   )   GC   TO   6t» 

"»wrj)   •   HL17« 
no   TO *!«» 

MfTRt s   5>3(j» 
Wf.H «   7M(J» 
iHLO ■  J 
mf,   «   SNr.   ♦   PITM 

"OMTTWr 
COHTINIJF 

•rN«»«IT   Tint?   1 -  Po^nrMT  0«T» 

*»? |»   I   <-FP3.F0.1  I   no  TC  S51 

00  631 W ■ i«  H'ns 
^F»0  S25,   ''.«HM«,    «rsi,    VCI,   FPS1 

N?   »   (   r,«Hi«   /   F1TH   I   ♦   t.S 
«FM(N2»    =   «FM1 
VO(»l?»   «     /Ol 

'•.IHM!  ■   f  HI  •   t   t   *   TTM 

'R^NT  S'T   .   fUHi«   ,   IFMfN?!   «   VO(N»»      ,   FPSdi»» 

61« eOMTTMIK 

 —INPUT  TÄ«M.e  *  - FKPTRI»l£Wm   FUSGI^NT   1T?P€9SI0M  0«T« 

65«   T»   I   <FrPi..«-').l  I   RO  TO   ftl 
PRINT  ^"»9 

00     S*1  K  * It   Httk 
RE«0 631.     *C,  TC,   VH,   VV,  NFl,     Mt,   UW1,   NF2,     N?,   UM2.   NF3, 

1 Ml,  UM-« 
PPINT  9-»6,   V-t  T",   KM,   W,  M»l,   Ml,   UM1,  NF2,   M»,   UM?,   MP3, 

1 Ml,  UM3 
fPP CONTTN'lf 

66«   CILL  TPÄJT 
GO   TO   r»1 

99« rOMTtNU»" 
•»»INT   fiq 
TNI 
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ifrm 

«179*0 

M7<56^ 

117572 
<)H»«;7< 

m«,'?*? 

•)<)7ft07 

-»17611» 

r 
......  S'n»OUTT»^e•   TO  '**LnJL«Tf   TfOI^CTO^V   0'   rR•(JH€HT,! 

COMHON   ZUCI«.«»),   &FH(169),   VOCI*'»».   rp«nf1),   »1(1601«   J1«X   . 
1 NMIX   (   M"!   ,   INCH   ,   JTHHV   ,   JINX   ,   19   t   ITM   ,   RXT**   ,   FITH. 
'TT«t   *   TT«*   .FHIIM»   ,   XV<1#1»   f   VtfdWI»   «   NUNdOOl   ,   lHti*1>   , 
i T«mm  • Tx(ni» . Tvd^o» 

l«1/   POOH4T ( »»<!.?  » 
151«  «fOUMT ( //MH r»HLr  »,  ««N<;fr   «mo  vnOCTTY 0»T»       ,/, 

1 S'H TM€T4       9€Ti P«NGt,PT       19*  VFLtFP9       N 
? 71HIJ9      AVG   FM6  M«99fi;   «   /      » 

H?"  f01H\r ( <X,   ?«   »X,   F9.1   »,   IX,   F^.l,   6X(   Ff.t,   2X,   I«,   ?Xt   ^7,1   » 
1910  PO,»-«T<«if.>(?X>F9.1»,11M        F9IGHFNT  OOFS  MOT  CLF»H S«(I»IC«9F » 
t9li1   F09M«r ( ///////   ,   9X«/M1FH(   ,   T1   ,1M»    s   •   Fl?.1   «   ♦>H(G«,*HS»      » 
1990 FOWT c 9X   ,    "»Mr >  ,   gn,^ I 
196•«  FO?H«T C 9X   ,   6M9FT»  «,   ri,n   ,   IHfOFGtFP?»   » 

/^ 

ff UMP  19   «   ^O^IMFO  9FT   OF  COHSTdNTS   THAT   XNCLUnF^   «IF 0EN9ITV 
--..—(»HP «   ,9   •   »MO  •   ».11 
1 9MP FOP   A   TiiM9LTMG  tu«   IS  •PF90XTMaTCLV  Q.OOI^S 
r 
^ OFL  IS   IMCP'MFMT   ro«?  »LPMi»   (»«OrAMSI   TM OrT«RMINIMG  T»«jrCTO»V 
" 0»  FIMOMFMT 

C— S*T  IMTTt«L   ¥*LUF9 
G  «  1?.? 
tH» »   .»»O^Ki« 
0TM12 «   ITH   /  ?. 

r 
C    tO » OPiC COCFFTCIFMT FO» FPI6MFMT 
«    TO f.FT 0»OtM«»V '9TCTI0N F»Ff T?«JFCTO»Y SCT CO « 0.0 
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5.   INPUT FORMAT 

The input cards to a problem will depend on the problem 

being run and the number of variations to be considered in a 

run. The input to a single run or the first data set of a 

multiple run will include a card to describe the problem, a 

control card to instruct the memory to read data for the 

problem and set parameters/ a series of cards containing data 

to define the barricade geometry surrounding a charge, a series 

of cards containing fragment initial condition in terms of 

polar bomb coordinates, and a card containing the typical drag 

coefficient for a bomb fragment and the number of effective 

bombs in the stack. 

Subsequent data sets on multiple runs will include a card 

to describe the problem, a control card to instruct the memory 

storage to retain information from the previous run or to read 

new data for some or all of the data. If the barricade geometry 

is to be changed, a series of cards will be included to define 

the new geometry; otherwise, these cards are omitted. If the 

geometry of the bomb stack is to be changed, a series of cards 

containing the fragment initial conditions in terms of polar 

bomb coordinates will be included; otherwise, these cards are 

emitted. A card containing the drag coefficient and the nueber of 

effective bombs will be included in all data sets. 
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data is  to be read during execution of the current problem. 

Enter a one  (1)   in Column 5 if barricade data is to be re- 

tained  from the previous problem or if the problem if to be 

solved without a barricade. 

(2) KEEP3, 15 Foimat 

In Columns 6-10 enter a zero  (0)   in Column 10 if the 

fragment initial conditions are to be read from data cards 

during execution of the current problem.     Enter a one  (1) 

in Column 10 if fragment initial conditions are to be re- 

tained from the previous problem.    A one   (1)   in Column 10 

only applies on multiple runs and a zero  (0)  will be necessary 

on the initial problem of multiple runs and all single problem 

runs. 

(3) KEEP4, 15 Format 

In Columns 11-15 enter a one  (1)   in Column 15 if 

experimental fragment dispersion data is to be retained 
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a. Description Card 

Provisions are included to use the first card of each 

data set to describe in an alphanumeric format the problem 

being solved. The field for this format will be 80 spaces 

on one card. 

b. Control Card 

The second card in a data set will contain information 

as follows: 

(1)  KEEP2, 15 Format 

In Columns 1-5 enter a zero (0) in Column 5 if barricade 
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from the previous problem. Otherwise, enter a zero (0) in 

Column 15.  A one (1) in Column 15 only applies on multiple 

runs. 

(4) NCD2, NCD3, NCD4, 15 Format 

In Columns 16-20/   21-25,  and 26-30, enter the number 

of data cards  that are to be read containing barricade data, 

fragment initial conditions,  and experimental dispersion 

data,  respectively. 

(5) KFLAG, 15 Fonnat 

In Column 35 enter a zero (0) when reading new barri- 

cade data or to solve the problem without a barricade. If, 

on a multiple run, barricade data from the previous run is 

to be retained, enter a one (1) in Column 35. 

(6) ITH, IS Fonnat 

In Column 36-40 enter the increment size for the azimuth 

angle, TTA. A small value for ITH will require larger num- 

bers of fragment data cards to be read and more computations 

than large valuer, which are less accurate but faster. In 

general, a value of 20* for ITH will produce useful results 

and require reasonable computer time. 

(7) IB, 15 Fonnat 

In Columns 41-45 enter the increment si ze for the 

departure angle, BETA. Small values for IB will yield 

more trajectories and impact points and produce a more 

accurate distribution, but more computer time will be required. 
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In gentral,   a value of 10°  for IB will produce useful results 

and require reasonable  computer time. 

(8)     ANGD, F5.0 Format 

In Columns  46-50,   enter the angle between TTA ■  zero 

(C)   and the centerline out the nose of the bombs in the bonds 

stack.    ANGD will be measured CCW and lie between 0°   and +360°. 

c-       Barricade Data, 5F10.1 Format 

Barricade data cards need to be included on single runs, 

initial problem of multiple runs,  and on occasional problems 

of multiple runs when it is desired  tc change the barricade 

configuration.     Each card will contain five   (5)  values to be 

read in a 5F5.1 Format.    The data on the card will be the 

information necessary to define the  finite number of linear 

segments representing the barricade.    Each segment will require 

one   (1)  card.     The card for each segment will contain the 

following information in the order presented. 

(1) TH1, F5.1 Fomat 

TH1 is the  angle,  degrees,  to the start of the segment 

being defined. 

(2) Rl, F5.1 Format 

Rl is the  distance,   ft.,  from the center of the bonds 

stack to the  start of the segment being defined. 

(3) THZ, F5.1 Foimat 

TH2 is the angle, degrees, to the end of the segment 

being defined. 

(4) R2, F5.1 Format 

R2 is the distance,   ft.,  from the center of the bomb 
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stack to the end of the segment being defined. 

(5)     KB,  F5.1 Format 

Ha is the height, ft., of the segment being defined. 

d.      Fragment Initial Conditions 

The cards described in this section are require ~ only on 

single runs,  initial problems of multiple runs and on Inter- 

mediate problems of multiple runs when the fragment data is to 

be altered. 

One data card will be required for each polar angle ««here 

the fragment initial conditions are* to be read In.    The Input 

angles «rill begin with 0° and increase in Increments equal to 

the incre-.iert of TTA, ITH, previously chosen.    The number of 

card containing fragment initial conditions is equal to NCD2. 

Each card will contain the following informationt 

(1) GAMMA.   F10.0 Format 

.Enter in Columns 1-10 the polar angle, degrees, measured 

in spherical bomb coordinates from the nose of the bomb. 

(2) AFM1, P10.0 Format 

In Columns 11-20 enter the average '/alue over the region 

GAMMA + 1/2 ITH,  for the fragment mass, grams, in the direction 

GAMMA. 

(3) V01,  F10.0 Format 

In Columns 21-30 enter the average value, over the region 

GAMMA + 1/2 ITH,  for the fragment velocity ft./sec, in the 

direction GAMMA. 
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(4)    *'PS1,  FIO.O Format 

In Columns 31-40 enter the average value, over the region 

GAMMA + 1/2 ITH,  for the number of fragments per steradian 

ejected by a single bomb in the direction GAMMA. 

e.      Experimental Fragment Dispersion Data 

When experimental results are available for a problem 

being solved by the program,  the experimental measurements may 

be read into the program to produce a printed record for com- 

parison with the results predicted by the code.    There will 

be one data card for each fragment recovery area.    The infor- 

mation on each data card will be as follows: 

(1) XC, F6.1 Format 1 

Enter in Columns  1-7 the distance, it,,  from tht center 

of the bomb stack to the center of the recovery area measured 

parallel to    the direction   TTA ■ zero. 

(2) YC, F6.1 Format 

Enter in Columns 7-12 the distance, ft., from the center 

of the bomb stack to the center of the recovery area measured 

parallel to the direction of TTA - 45°. 

(3) XH, F6.1 Format 

Enter in Columns 13-18 the dimension, ft., of the recovery 

area in the direction of XC. 
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(4) YV, F6.1 Fomat 

Enter in Column! 19-24 the dimension, ft«« of the 

recovery area in the direction of YC. 

(5) NF1, NF2, NF3, IS Format 

Enter in Columns 25-29,40-44, and 55-59 the number of 

fragments recovered in the recovery area in the heaviest 

weight class, second heaviest weight class, and third 

heaviest weight class, respectivsly. 

(6) Nl, M2, W3 F5.1 Fonnat 

Enter in Columns 30-34, 45-49, and 60-64 the minimum 

fragment weight, grams, in heaviest weight class, second 

heaviest weight class, and third heaviest weight class, 

respectively. 

(7) UW1, UW2, [MS F5.1 Format 

Enter in Columns 35-39, 50-54, and 65-69 the maximum 

fragment weight, graiuo,   .n the heaviest weight class, second 

heaviest weight class, and third heaviest weight class, 

respectively. More than three weight ranges can be included 

by changing Formats 530 and 536 and by increasing the number 

of variables in Statements 650+3 and 650+4. 

f •  Drag Coefficient and Effective Number of Bombs in Stack 

(CD and EFNB) 

(1)  CD, F8.2 Fonnat 

In Columns 1-8 enter the value of the drag coefficient 

to be read in a P8.2 Format. This card is required for each 
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problem of a multiple run and obviously for a single run. 

Setting drag coefficient equal to zero will solve for fric- 

tion free trajectory  In general, CD will have a value 

between 0.3 and 2.0. 

(2)  EFNB, F8.2 Fonst 

In Columns 9-16 enter the number of single bombs that 

must be exploded one at a time to produce the same fragment 

dispersion pattern as the bomb stack being modeled.  In 

general, EFNB will be less than the actual number of bombs 

in the stack. 

g.  Blank Cards 

After the last data set, include two blank data cards to 

terminate the run. 

Notes on data sets 

Normally a single run or the first problem of a multiple 

run will require data cards a, b, c, d, and f as a minimum. 

The inclusion of e is optional on any problem. These data 

cards will describe the problem and solve the dispersion 

pattern for a number of bombs in a specific barricade configu- 

ration. 

If on the second problem of a multiple run the barricade 

geometry is to be changed and the bomb stack remains the same 

as the first problem, data cards a, b, c, and f would be 

included in the data set. 

i 
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It,  instead of changing tha barricade on the second 

problem, the type of bomb is to be changed, data cards a, 

b, c, and f would be Included in the data set. 

h.  rypical Set of Input Data 

The data shown in Figure 32 are for a single run. All 

data cards discussed in this section are included with the 

exception of e. 

" 
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6.       OUTPUT FORMAT 

a. Description of Problem 

Across the top of the first page of printout for each 

problem one line of alphanumeric print Is used to describe 

the problem being solved. 

b. Table 1.  Control Data. 

This table prints a record of the variables and program 

options used for each problem. 

(1) Table 1.  Heading 

Lines 1, 2 and 3 print the heading for the table 

columns. These headings appear as follows: 

TABLE 1.  CONTROL DATA 

TABLE NUMBER 

2    3    4 

(2) Table 1.   Data 

Under these headings are printed the number 0 to 

Indicate that new data are read into Tables 2, 3, or 4 on 

the current problem or a 1 to indicate that data from the 

preceding run of a multiple run is retained. If data is 

read into Tables 2, 3, and 4 on the current problem, the 

program prints 

PRIOR DATA OPTIONS (1 ■ HOLD) 0    0    0 
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(3) Table 1.  Number of Cards 

When data are read into Table 2, 3, or 4, the number 

of cards read into each table is printed. If 3,  10,  and 

7 data cards are read into Tables 2, 3, and 4,  respec- 

tively, the program will print 

NUM CARDS INPUT THIS PROBLEM 3    10    7 

(4) Table 1.  Barricade Data 

If Barricade Data are not read into the current 

problem or to either omit the previous barricade and read 

new barricade or solve for the distribution without a 

barricade a 1 or 0f respectively, is printed with the 

following statement. 

BARRICADE DATA  (I • NO) 0 or 1 

(5) Table 1.  Increment Theta 

The number of degrees used in the current problems 

for the increments on azimuth angle theta is printed as 

INCREMENTS OF THETA, DEGREES 

(6)  Table 1.  Increment Beta 

The number of degrees used in the current problem 

for the increments on departure angle BETA is printed as 

INCREMENTS OP BETA, DEGREES 
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(7) Table 1.      Angle 

The angle measured from Theta » 0* to the center- 

lin<9 out the nose of the bombs in the stack is printed as 

ANGLE BETWEEN COORDINATES OF BOMB AND BARRICADE   — 

(8) Table 1.  Height 

The height of the geometric center of the bomb 

stack is printed as 

HEIGHT OF STACK CENTER 

c.  Table 2.  Barricade Data 

This table is printed only on problems where barri- 

cade data is read from data cards. If data are retained 

from the previous problem, this table is not printed 

(1) Table 2.       Heading 

The heading for the table to contain data defining 

the geometry of the barricade is printed as 

TABLE 2.  BARRICADE DATA 

THETA DEGREES     DISTANCE, FT.   BARRICADE HEIGHT, FT. 

(2) Table 2.   Data 

The data used to define a segment of the barricade 

geometry are printed in pairs for each segment.   Data for 

segment    1,  2,   ..., N,   ..., are contained in lines 1 and 2 
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3 and 4,   '",  2N-1 and 2N,   *"#  respectively.    The first 

line of information for a particular segment will print 

the angle to the start of the segment, the radial dis- 

tance fron the bomb stack geometric center to the start 

of the segment/ and the height of the segment.    The 

second line of information for a particular segment will 

print the angle to the end of,the segment/  the radial dis- 

tance from the bomb stack geometric center to the end of 

the segment/  and the height of the segment.    The height 

of any segment is to be constant between its end points. 

When segment K meets segments K+l, the printed output for 

the first line of segnent K+l will be the same as the last line of 

segment K with the possible exception of the height. 

d.       Table 3.      Fragment Data 

This table is printed only on problems where the 

fragment data is to be read from data cards.    If data 

is retained from the previous problem/ this table is not 

printed. 

(1)     Table 3.       Heading 

This heading for the table to contain data defining 

the initial condition for the fragments ejected by a single 

bomb as a function of polar angle measured from the nose of 

the bomb/  is printed as: 

TABLE   3.     FRAGMENT  DATA 

THETA/DF.G AVG FRAG 
(WRT BOMB COCRD)     HASS/CRAMS 

211 

INITIAL      FRAGS 
VEL/FPS  PER STERADIAN 

. 

* ■»—miiitni tammi 

"- "■ ■ -—'■' 



■ 

(2)  Table 2.  OtU 

For each angle where data are input, starting vith 0* 

and increasing in steps equal to the increment of theta to 

maximum of 180*/ the program «rill print out the angles 

where the data are input. The fragment mass in grams# 

initial velocity in ft./sec., and the number of fragments 

per steradian are printed beside the appropriate angle to 

indicate the average initial condition used in the current 

problem at that angle. 

e.  Table 4.  Experimental Fragment Difpersion Data 

This table is printed on problems where there is 

experimental fragment dispersion data available that have 

been read into the program. If data are retained from the 

previous problem, this table is not printed. 

(1) Table 4.  Heading 

The heading for Table 4 containing experimental 

fragment dispersion data is printed ass 

TABLE 4.  EXPERIMENTAL FRAGMENT DISPERSION DATA 
COORDINATES, FT.        NDM     WEIGHT RANGE 

XC      YC     XH   YV GRAMS 

(2)  Table 4.  Data 

For each recovery area of dimensions XH by YV at 

coordinates XC and YC the number of fragments per weight 

range is printed for the three heaviest fragment ranges. 
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f.  Table 5.   Range and Velocity Data 

This table ir  printed for all problems run. 

(I.)  Table 5.   Heading 

The heading for Table 5,   Range and Velocity Data, 

is printed as: 

TABLE 5.        RANGE AND VELOCITY DATA 

THETA      BETA   RANGE,FT.  IMP VELfFPS  NUM  AVG FRAG MASS,G 

(2)  Table 5.  Data 

For each conbination of azimuth angle, theta, and 

departure angle, beta, the range to the impact point, ft., 

the impact velocity, ft./sec. ,  number of fragments expected 

to impact at that range, and the average fragment mass, 

grams, are printed in tabular form.  There will be one 

Table 5 for each azimuth angle, theta, where trajectories 

are computed and one entry in Table 5 for each value of 

departure anglj, beta. 

The entries for any single line of Table 5 will be 

in one of two forms. 

(a)  If the fragment does not clear the top of the barr- 

icade wall tor the launch angles 6 and 6, the program 

will print the launch angles and indicate that the frag- 

ment does not clear the barricade. This appears as: 

9    6   FRAGMENT DOES NOT CLEAR BARRICADE 
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(b)  If the fragment clears the barricade or if there 

is no barricade in the direction 6 for the launch angles 

6 and B,  the program will compute the range to the impact 

point, XI, impact velocity, VI, number of fragments ex- 

pected to impact, NUM, and average fragment mass, FM. 

The printed output appears ast 

6    6   XI   VI   NUM   FM 

g.  Table 6 

Thir table is printed for all problems run. 

(1) Table 6.  Heading 

For each azimuth angle, theta, used in the current 

problem solution a Table 6 will be printed. Each Table 6 

will give the distribution in a direction theta for an 

area bounded by lines symmetric about theta and separated 

by the angular increment of theta, ITH. Let 6 be the 

azimuth angle and 61, 62, be the symmetric lines about 6. 

Then the Table 6 heading will be printed as: 

TABLE 6. DISTRIBUTION DATA 

THETA(1) - 61 DEGREES       THETA(2) - 62 DEGREES 

RANGE 1 RANGE 2    IMP VEL,FPS NUM/SQ FT  GRAMS/SQ FT 

(2) Table 6.  Data 

Along an azimuth angle the impact ranges are computed 

at dis'-xete points.  From these discrete impact points 
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a repreientative impact area is defined by the angles 61, 

and 62 mentioned in 9.(1) and average ranges between impact 

points. For impact point number 1 call these ranges RA1 

and RA2. Only impact areas where RA1 is greater than 

zero (0) are of interest. Therefore, for the first im- 

pact area 0 < RA1 £ RA2.  In the printed Table 6 this would 

appear asx 

RA1     RA2     VI     NPA     GPA 

where RA1, RA2, NPA, and GPA are numbers corresponding 

to ranges defining the representative impact area, average 

impact velocity, number of fragments per sq. ft., and 

number of grams of fragments per sq. ft. in the impact area. 
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h.  Typical Output 

The following pages are Indicative of the output 

format and type of Information that le presented. 
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3  TEST CASE  FOR  FRAON CHECKOUT 

TABLE 4.  CONTROL  OATA 

PRIOR-DATA  OPTICMS   ll.HOLO) 
MliM C«ROS   INPUT  TNl$ RROILEM 

BARRICADE DATA , laN0 , 

IMS i SSP %88 

TABLE NUMBER 
2        3       4 
0        0 1 
a    lo      o 

o 
20 
10 

270 

TARLE ?• BARIACAOE QATA 
THETA, DEGREES 

61.3 
132.0 

132.0 
22^.0 

220.0 
296.6 

DISTANCE, FT 

55.9 
67.3 

67.3 
67.3 

67.3 
55.9 

BARRICADE HEIGHT, FT 

U.O 
U.O 

U.O 
U.O 

.U.O 
h.o 

TABLE 3. FRAGMENT DATA 

THETA»  DEO 
(«OT  BOH«  COORD) 

0 
20 
60 
60 
GO 

100 
120 
160 
160 
ISO 

AVG PRAG 
NASS, GRAMS 

20 
IT 
16 
10 
6 
0 

16 
23 
31 
60 

INITIAL FRAGS 
VEL, FPS    PE« STERAOXAN 

6000 »ooo 
6BBB 6000 
577* 3000 
6666 3000 
7552 0000 
7216 11000 
5662 3000 
6108 SoOO 
2556 7000 
1000 10000 

TABLE 5*   RANGE  AND  VELOCITY DATA 
THETA       BETA RANGE,PT       IMP  VELtFPS 

0. 
o. 
0. 
0, 
0. 
o. 
u. 
o. 
o. 

-00.0 
-70.0 
-60.0 
-50.0 
-♦0.0 
-30,0 
-20.0 
-10.C 

0. 
10.0 

0. 
0. 
0. 
0. 
0. 
o. 
0. 
c. 

Uoo.o 
1917.6 

NUN    AVO FRAB HASS,6 

721G.0 
7552.0 
7552.0 
7552.0 
7552.0 
TS52.0 
7552.0 
7552.0 
♦97.8 
101.3 
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30929 
66289 
6*739 
83222 
99177 

112119 
121655 
127M5 
129661 
127*95 

9.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
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•1 20.ft 1970.6 113,6 121455 
30.0 1879.6 116,3 11211« ft* 0 
«0.0 1699.7 117.0 ««177 

**• so.a 1662.6 117,2 43222 ••• 
60.0 
70.0 

1177^9        
«31.1 

117.2 .   4473« . M 
- • 
0« 117.3 4424« 4.B 
B« 80.0 ♦87.8 125.5 3092« ••• 

TABLE  6.   DISTRIBUTION  DATA ■ 

THFTA(l)«-10.000OEtiHEES            THCTA(2)«  lO.OOOOEttKCES 
RANBE   1        S MUGE 2 

«59 
IMP  VELtPPS 

125.5 
NUN/SB FT                 41 UMS/lft FT 

3.«61E*00 •44 6,37«e -01 
45« 966 117.3 4.981E -01 2.«4«C«00 
966 1139 487.8 l.«44e*88 1.147E*01 . 

1139 1320 117.2 8.689C -81 5.216E*00 
1320 1581 117.2 6.2S8E •81 3.750E*00 
ISSl 1790 U7»i 8.019E. ■41 4,tiU«oi 
1790 1899 116.3 1.568E«00 «.60H*00 
1S99 1944 101.3 4.177E »88 2.504E*01 
1964 1997 113.6 3.339E400 2.003E»01 

TABLE  5«   «A NOE AND 
BETA 

VELOCITY  DATA 
■ 

1 FaA4 NASS.B TMETA IIAN4E.PT       IMP VELVPPS MUN    AV( 

tM -80.0 0. 7552.0 22^93 
» 20.0 -70.0 8. 7552.0 4424« 

20.0 -60.0 8. 7552.0 6473« 4*4 
20.0 •50.0 6. 7552.0 43222. ^      ...... 
20.0 -60.0 0. 7552,0 ««177 M 
20.0 -30.0 0. 7552.0 112119 J*J 20.0 -2u.O 0. 7552.0 121*55 
20.0 •10.0 6. 7552.0 127495 4« 8 
20.0 0. 1150.0 609*4 64564 10,0 

. 4*0 20.0 10.0 
20.0 

1917.6     
1970.6 

101.3 A27495    . 
20.0 U3.6 121445 4.8 
20.0 30.0 1479.6 116,3 11211« ill 4«4 20.0 60.0 1699.T 117,0 ««177 
20.0 50.0 1*62.6 117,2 43222 49B 
20.0 60.0 1177,9 117,2 6673« 4,0 
20.0 70.Ü 431,1-   - ,147*i— .6624«  _-4^  
20.0 80.0 ♦29.3 117,3 22*93 4.0 

TABLE  6.   DISTRIBUTION  DATA , 

THFTA(l)«  10.0000EORFES            THETA(2la CO.OOODEGREES 
RANBE   1        QANCE  2 IMP  VfLtPPS NUM/SO FT                 GRAMS/SQ FT 

215 117.3 3.6UE.-01 2*14ac*04 . , 

« 
117.3 4.237E. •01 2.562E«00 
609.4 6.976E' •01 6.976E*00 

1166 117.2 l.OOBE« »00 f.064C.OO 
1320 117,2 6,2581-81 3,7fOE«00 
1541 117,0 8.019E-01 6«411E*00 
1790 4» r 7 116.3 .     _ -     -USBIEl 44  -l«44iE*00 mm       ^__ 
1B99 101,3 6.177E4 »00 2.1448*81 
1966 113,6 3.339E4 00 2.003E.01 

TA^LE  S.   RANGE AND VELOCITY DATA 
THETA BETA 

•OD.O 

RANGE.FT       IMP  VELtfP* 

0.                  7552.0 

.HUM    AVfl 

22*93 

i FRAft MASttB 

60.0 6,0 
60.0 -70.0 0. 7552.0 6624« 4,0 
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♦ ".0 
40.0 
«0.0 
«0.0 
40.0 
♦ 0,0 
40.0 
40.0 
40.0 
40.0 
40.0 
40.0 
40.0 
40.0 
40.0 

-40.0 
-50.0 
-40. 0 
-30.0 
-20.0 
-10.0 

0. 
10.0 
20.0 
30.0 
40.0 
50.0 
60.0 
70.0 
«0.0 

0. 
0. 
0. 
0. 
0. 
0. 

11S0.0 

2253.0 
2155.t) 
1*50.3 
16M.0 
1177.0 
•31.1 
♦29.3 

7552.0 
6664.0 
6664.0 
6664.0 
6664.0 
6664.0 
609.3 
111.5 
122.6 
126.2 
127.3 
127.6 
117.2 
117.3 
117.3 

TMM  *.  0lS7m9ilTIuf< DATA 
THrTMUs  lO.OOAOtMHCCS 

6473« 
3120« 
37191 
42044 
45620 
47110 
40540 
47810 
45620 
42044 
37191 
31206 
64739 
44289 
22493 

6.0 
10.0 
10.0 
10.0 
10.0 
10.0 
14.0 
10.0 
10.0 
10.0 
10.0 
10,0 
6.0 
6.0 
6.0 

PA-!!«    I 
215 
630 
991 

1164 
1433 
l«2l 
2057 
2177 
2226 

PA JGfc 2 
*30 
991 

1164 
1433 
1«23 
2057 
2177 
2226 
22*0 

IMP VELtFPS 
117.3 
117.3 
689.3 
117.2 
127.6 
127.3 
126.2 
111.5 
122.6 

THC7A(2)a  50.0000EQREES 
NUM/S0 n 

3.613E-01 
4.237E-01 
«•974e-01 
5.8S4E-01 
1.357E-01 
2.326E-01 
4.641E-ei 
1.281E*00 
1.076E*00 

rAHLC 5.  *hHil  4'4Ü  ^ELOCtTy DAT* 
THCTA       BETA »ANOE.rT       IMP VELtPPS 

•■ 

ÖR4HS/SQ FT 
2.168E«00 
2.542E*00 
9.764E«00 
3.512E*00 
1.3S7E*00 
2.326E«00 
4.641E«00 
1.281E*01 
l.076E*0l 

. 

60.0 
60.0 
60.0 
60.0 
60.0 
60.0 
60.0 
60.0 
60,0 
60.0 
60.0 
60.0 
60.0 
60.0 
60.0 
60.0 
60.0 

-80.0 
-70.0 
-60.0 
-50.0 
-40.0 
-30.0 
-20.0 
-10.0 

0. 
10.0 
20.0 
30.0 
40.0 
50.0 
60.0 
70.0 
80.0 

PMOMENT DOES MOT CUA» OAtftlCAOC 
FHAGHENT DOES NOT CLEAR bAft*ICAOE 
tSSSS S0^5 N0T CLEA" 8ARRir*OE 
JKH"! £0CS WT CLCA« 8AWICA0E 
roJ«5SI 00fc:S Ä,0T CUA* BARRICADE 
FRAGHEMT  DOES MOT  CLEAR 8ARMICAOE 
EJSKI J2fS N0T C^AR SARRIUDE 
FRAGMEMT DOES MOT CLEAR BARRICADE 
F;*8""T DOES NOT CLEAR BARRICADE 

MJM  A/« FRAG HASS.6 

2354.5 
2427.0 
2324.6 
2119.9 
16«!6.7 
1355.6 
"20,1 
379.* 

117.2 
129.2 
133.0 
134.5 
127.6 
1<:7.6 
117.3 
117.J 

47810 
45620 
42044 
37191 
3!209 
24277 
44289 
22*93 

TA«4LF 6. DISTRIBUTION DATA 

ü™^- 50-000OE*«E£S    THETA(2)- 70.000DE8REES 

14.0 
16.0 
14,0 
14.0 
10.0 
10.0 
6.0 
6.0 

RAMOF 1 
190 
600 

1088 
1521 
1903 
2222 
2340 
2391 

RA'40E 2 
600 

1088 
1521 
1903 
2222 
2340 
2391 
2463 

IMP VEL.FPS 
117.3 
117,3 
127,6 
127,6 
134,5 
133,0 
117,2 
129.2 

NIIM/SÖ FT 
4,142E-0l 
3.170E-01 
1.1B4E-01 
1.387E-01 
1.576E-01 
4.417E-01 
1.136E«00 
7.429E-01 

GRAMS/SQ FT 
2.4BSEO0 
1.902E*00 
l.l84e»00 
1.387E*00 
2.206E*00 
6.183E400 
1.590E*01 
1,040E*01 
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APPENDIX III 

CRATER PROGRAM 

1.        FORTRAN PROGRAM DESCRIPTION 

The program on cratering follows the theory aunmarized 

in Section IV-4.    The basic values for the parameters that form 

part of the program are either assumed  (W    - 500 tons, ED - 0.3, 

S ■ 0.3) or result from the detonation of a 100-ton hemispherical 

bare charge on a silty clay at the Suffield Experimental Station 

(D. - 21 ft.,  R    - 70 ft.,  soil density - 94 lb/ft3). 

New reference values for the charge ««eight, crater dim- 

ensions and soil density are read into the program by statement 

45.    The following statements compute new values for the 

dissipation ratio and the ejects parameter according to tho 

formulas given by Equations  (123),   (124),   (125a)  and (125b). 

For charge weights that are part of the input data, the 

program computes apparent depths and radii according to Equations 

(117),   (119),   (120),   (121a) and (121b).    The only difficulty in 

this procedure is solving the transcendental equation  (121a)   for 

the ratio R./R^«     The solution is obtained by swans of the 
A      A 

subroutine TRANS.  Since a traditional iterative procedure did 

not work, it was necessary to write the equation in an alternate 

form. Suppose we define a function FR(R) by 

FR *■*('■ ^ »'"■] - R (III-l) 
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where 

K      VRa (III-2) 

Then after some algebroic manipulationar it can be shown that 

Equation  (121a) is satisfied if PR(R) ig zero. 

Essentially, all that the subroutine TRANS does is to 

find that value of & for which PR is zero for given values of 

K,  E^ and c. 
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2.       CRATER PROGRAM FLOW DIAGRAM 

SET REFERENCE VALUES 

FROM SUFFIELD TEST AM) 

SET ASSIWED VALUES 

I 
CXHVTE VARIABLES USED 

IN PROGRAM 

ZET1, ZET4, ZET4I, TZETI, OXN 

i 
READ NDA1A, MT 

OGMVIE NEW 

VALUES FOR 

^, I A» 

ODEN 
SET 

VALUES 

I 
READ   aARGE WEIGHTS» 

NIMBER OF CIMRGB 

WEIGHTS - NT 

J 

■ 
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1 
FOR EACH CH/VRCE WEICHT 

GCMWTE Kv APPAREWT 

RADIUS AM) APPARENT DEPTH 

I 
PRINT TITLES AN) 

VALUES 

I 
PRINT APPARHff RADIUS 

AM) APPARENT DEPTH 

FOR EAOJ CHARGE WEIGHT 

I 
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3.   LIST OF VARIABLES IN CRATER PROGRAM 

a.  Main Program 

Program Variable 

BETH 

BETHST 

BETREF 

Bl 

BIST 

B2ST 

CDEN 

CDEN1 

DEN 

OENREF 

OENST 

DREF 

DT 

Deacription 

B 

8 

Reference value for 3 

8-2 _ _£_ 
B  - 3 15 

6-2 
•■      T ß    -  3 

A* 

B    -  2 
ri—— 

_8_ 
15 

B 

2 

-  3 

- cr 
WREF   * [• - r 
Weight density of earth media, pg 

(lb./ft.3) 

Reference value for density of earth 

media   (lb./ft.3) 

New weight density of earth media, 

p*g (lb./ft.3) 

Reference value for apparent depth   (ft.) 

■ ■ — 
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Progra« Variable 

DV(I) 

DIA 

DZAST 

Dl 

D2 

OS 

06 

07 

EOS 

EDSREF 

EOSST 

K 

NDATA 

RATDST 

RATRST 

RREF 

RT 

RV(I) 

RZA 

Oeacription 

ter vector Apparent di 

0^  (ft.) 

D I   (ft.) 
8 

Clö/CFo 

(1 - E*°)   /   (1 - E°) 

P 

E0 

SW 
Reference value for dissipation ratio 

*D E s 

IF NDATA is positive, new reference 

values are to be read in 

Number of charge weights that are 

to be read in 

Reference value for apparent radius (ft, 

R /R0 a' a 

Apparent radius vector 

R° (ft.) 
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Program Variable 

RZAST 

TZETI 

ML 

WREF 

WV(I) 

WZ 

WZST 

ZETA 

ZET1 

ZET4 

ZET4I 

b.     Subroutine TRANS 

Subroutine Variable 

Description 

A 

ALPHH 

ALP11 

ALP4II 

ALP44 

B 

DEL 

EDTT 

FNEW,   FN 

FP 

" a 
1/2 

WL   (tone) 

Reference value for W 

Charge weight vector 

Wo   (ton») 

W*   (tons) 

C ♦ 1 

C -f 4 

1/(C  + 4) 

Bll Description 

K/(E°)2 

C 

C ♦ 1 

1/(5  + 4) 

C + 4 

(1   "  E^/K^1 

Absolute value of FR(R) 

New value of FR(R) 

Previous v.tlue of FR(R) 
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Subroutine Variabla Dascriptlon 

PR(R) * [■ ■ ^ -i' - 
KK K 

R V< 
RP Previous value of R 

RNEW, RM New value of R 

227 

i- - 



11    ■' ' 

! 

4.   PRINTOUT OF CRATER PROGRAM 
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0001« I 
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»•00 läS 
«'Oulso 
.JOJ1< •' 
.»0)161 
(»Oolt.l 

(»0017) 

'001M 
nOol;? 
iiQOI ?• 
J0'»l7S 
•lOH»^ 
OOUP.-'1 

c 
c 
f 

f 
r 

HUN 

i*y 

iflfci  K 
► » > *r   rZIl  » 

» » l- .4!    »lMl.lilA«3♦HHE^t■'t'lCe  FfftftHKltfll FOR  THIS 
1     ■»•,   17HHE^tPr.-CE  VIKLH «     t^T.^.bH  TONS  %\*t%% 

«►^wu « aff^it^M TONS    //uXviftHftWAiiE'«' DEPTH «    t 
c^.2*lH M   il   XI17H*^A|<ENT  RAJIUS •  »p6«2t3H \\ // 
•»»tl*HnlSslH«TION HATH» «     tP9.4taj(,6H2ETA  ■     , 
»-.2»AX»6"Jt;iM   ■   ifHmitt* 
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^AT-'ST.Py*'/ ' «ASl 
f .)S?T«P MS« ((*A f ti<!t«Mif4% r I ••TZETI) 
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»1>I«OS^Db» 'T»MI«^jST/«/ 
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.LI ^STaO.* .ZSl-Z.)/(H2r,r-l.) 
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. f<-pF«nfNST 
'••«l*fi»/Otl 
-"^t>*«ZAST 
kL>b-EF«FliSSI 
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,100/».V4 »t« '   ll).(^V(I) .I.l.MWJ 

i»0li2^'< i»«« ?,- (f WV (I»/.-L > ••nZ)) •|<V 11) /COCNl 
Ü0.i2?i n■rHANS(^•tJi•wrF^ZET*l2fcil^2tT♦,2tT♦l) 
J0()2J^ JT«(RT»»2ETj )/(•-.••ZCTA) 
00U2«1 ^y(i)«RT*RR. F 
00ü2*5 fU   .W(l).aOT«üREF 
,)0i>?Sl ^I\T   m,wHF.F,AL,D«rFfWMEFttDSRErf2ETAföCTPEF 
00027? PR1,T  20t(I«<'V(I)tr)VCI)tRV(l)f|altNM) 
000311 ^0 ro »n 
00UJI2 CAUL  EXIT 
J00J13 feNO 

FUNCTION   rRAn(^KtC0TTt/ltPHH»ALPlltALP44ffAL(**II) 
000677 RE«l      KK 
000677 F R (•<) «A* ((1 .->!•( R'nt^A 1) •« 
000713 4 FO-'s^T   (iMrttlOÄfUHlTER.jAÜH 
000713 A,<\/(tnTT»El3TT, 
00071* »»• 11 .-tOTT > / (^•»••ALPl 1) 
00072': 

C 
II« 

000721 MP   «   0« 
000721 FP  « A 
000723 «N.(l,/H)»«MLP*II 
000726 FN  ■   -NM 
000727 5 II^IMl 
000731 IF   (20-11)   6,6,7 
000733 6 PR1T  4 
0007A2 TR*NS*0. 
UOO7..3 «ETORN 
0007*3 7 «N».   ■  MP*fH«|H>4_RP)/(rP-K^) 
000750 FJje^FRtRNE-O 
üOOT« ÜE.«ABS(FME-) 
0007!}* IF   (UEL.0.O:2)    10,10,15 
000756 10 TRAMSSRNE«' 
0007^.0 HEfJRN 
000760 15 IF   (FNCj   16,1».,20 
000762 1* KIN«H^E« 
0007h3 FNM^E« 
000765 &0 TO 5 
000766 20 HPaWNE« 
O0Ö7,,7 FP^'NE* 
000771 GO    0  5 

i'0O772 
C 

«CTJRN 
000774 L-IJ 

• ■ 
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5.   INPUT FORMAT 

Each set of Input Data consists of either two or three 

groups of information.  The integers NDATA and NW are read in 

on the first card according to the format 2110. If NDATA is 

a positive integer, then the following new reference values are 

read in on the next card: 
* 

a. WZST - the new reference charge W  (tons), 

b. DZAST - the new reference apparent depth D 0 (ft.)# 

c. RZAST - the new reference apparent radius R 0 (ft.)# 

d. DENST - the new weight density of the earth media, 

p*g (lb./ft.3). 

The format for these variables is 4F10.2.  If NDATA is negative 

or zero, this card is omitted. 

The last group of input data consists of NW charge weights 

for which predicted values of apparent radii and depths are de- 

sired. The format for the charge weights is (8F10.2). 
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6.   OUTPUT FORMAT 

The output format is illustrated by the sample runs shown 

on the following pages. In addition to the reference values that 

formed part of the input, values for the dissipation ratio ED 

and the ejecta parameter 6 (beta) are given. The apparent 

depth and radius for each of the charge weights are shown in 

the table following the reference parameters. 

To obtain the ejecta depth at a given position, B, and 

the apparent depth and radius are used in connection with Figure 

28 of Section V. 
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«tfCuttjC: PAPAnc-es TOR THIS WJ^ 

*******   »^-   '00...   ,vJS -L.MO.W   FÖNS 

*^Mfif ot.T. . «.»a rr ,rMAHENT rtADI,s . 70#00 fl 

.>tSSIPATlO.   .MIO  .     .,,, ,CTA.     830 ^^     j#io 

AP»»A»f..r   t.olbS  AN )  :»-  »TM  VE«S'JS   rittD 

•(TO  S) 
19« :-3 
?0.90 
30.00 
40, oft 
Si).0(j 

7j,O0 
I0ft.ro 
^00,no 
Hjo.on 

In *UO,no 
11 300.00 

OEPTH 

16.7^ 
17.^ 
13.6^ 
19.25 
20.11 
21 «uo 
22.bh 
?3.5/ 
?A,lh 
24.62 

32,7b 
42.11 
♦8.27 
52. Ja 
56.d4 
63.11 
'0.ÜÜ 
84.dJ 
94. J6 

100./"b 
ICb.o^ 
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RCFE^tNCr.  PAPA^ETE.?? FOR THIS «JN 

K^FFHEUCE   riELJ   «  SOO.JO   f-jllS «L  ■  500*00   TONS 

APPARENT  DtPjn  m   3P,00  FT A*!?AM[Nt R*D1US  ■   79,00  FT 

DISSIPATIOH  «A I IO  >     .bf. 2ETA  ■     ,30                  BETA ■     3,34 

APPARENT   »-aniu?   ANi»  OlPTH  VERSUS   rjELD 

•(TU^SI DEPTH RADIUS 
10,00 3.76 6.13 
20*no 7«27 ll«a4 
30,00 l0.49 

13,34 
17*11 

40,00 21.87 
50.00 is.?* 26« 05 
70,00 19 65 33*08 

JOG.00 23 «U 41*11 
100«00 30.76 57*36 
300*00 34*27 67*06 

In 400*00 36*47 73*88 
11 aoo.oo 38*00 79,00 
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